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Abstract
A wide variety of phenomena involving heavy quarks are discussed. The general
theoretical tools and methods are introduced in Chapter 2. The heavy quark spin
symmetry and QCD multipole expansion are illustrated with simple examples. The
peculiar strong dynamics near open heavy flavor thresholds is studied in Chapter 3. A
general heavy quark spin decomposition is worked out to understand some unexpected
experimental results. Two additional effects of strong dynamics are pointed out: mixing
of partial waves and isospin violation. The long-range pion exchange interaction between
heavy mesons dominates over other short-distance interaction near the thresholds region,
which results in enhanced mixing of partial waves. The isospin violation in S-wave heavy
meson pairs is calculated in all orders of isospin breaking parameters and the result is
sensitive to a strong interaction parameter which can be used to probe the property of
strong interaction. These predicted effects have nontrivial experimental implications,
which can be studied in future experiments. Chapter 4 devotes to understand the
properties of some exotic resonances discovered recently by the experiments. We propose
Zb(10610), Zb(10650) and X(3915) as hadronic molecular states, while Y (4260) and
Y (4360) as mixed hadro-charmonium states. The ω transition between quarkonium
states is also discussed. In Chapter 5, the various decay channels of hb(2P ) are carefully
examined. We point out the data may indicate a possible violation of the popular
theoretical picture about quarkonium. A particular type of heavy baryon decay is
considered in Chapter 6, which may provide a clue about strong diquark correlation
and the hidden scale in QCD.
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Chapter 1
Introduction
Quantum chromodynamics (QCD) is the theory of strong interaction. In everyday life,
the strong interaction is responsible for binding neutrons and protons together in nuclei.
From the discovery of the neutron in 1932 to the birth of QCD in 1974, it took more
than 40 years to understand what is the fundamental theory describing the interaction
that binds the nuclei together as well as to make sense of a large amount of accelerator
data accumulated by that time. QCD, honored by a Nobel Prize in 2004, is now a
well-established theory. There are many standard references on the theory of QCD[1].
Although the QCD Lagrangian can be easily written down, its consequences are not well-
understood. The strong dynamics in the short distance or high energy can be calculated
reliably in the framework of perturbation theory. However, at the long distance or in low
energy region the theory is non-perturbative, no reliable analytical approaches derived
from the first principles are available. This is the reason why confinement, being a
trivial observation from all experiments, is yet to be proven theoretically. We use ΛQCD
to denote the energy scale that separates those two regimes. The most successful QCD
predictions lie in calculating the observable that is determined by the short distance
dynamics such as the inclusive production of hadrons in e+e− annihilation at high
center-of-mass energies. A vast majority of low energy phenomena, such as the masses
of hadrons, transition amplitudes and lifetimes, remain theoretically intractable. It is
hoped that the numerical QCD or lattice QCD formulated from the first principles of
QCD will predict those observables. However performing numercial QCD calculation
on discretized space-time lattice is not as straightforward as doing numerical integral.
1
2Although the progress of lattice QCD has been made throughout the years, it still
has its own difficulties, both theoretically(e.g., how to take a continuum limit of zero
lattice spacing) and computationally. The results that can be obtained reliably from
lattice QCD are limited. I direct the interested readers to some references on numerical
QCD[2]. The thesis will focus on the phenomenological and analytic methods to study
QCD.
The system of hadrons containing heavy quarks could help us to gain some insights
of strong interaction. The presence of a heavy quark, due to its large mass, can sim-
plify the picture, and at least for some cases, enables us to study the intricate strong
interaction in a theoretically controllable way. This is because the heavy quark mass
(mQ) is much larger than the typical hadronic energy scale ΛQCD, i.e. ΛQCD/mQ ≪ 1,
so the separation of scales becomes possible. The theoretical methods based on the
systematic expansion of the quantity 1/mQ were developed. The heavy quark theory
studied intensively in 80s and 90s now becomes common knowledge in our community.
The standard textbooks and extensive reviews are available[3]. The heavy quark theory
made a series of successful quantitative predictions on the properties of heavy hadrons,
such as the heavy hadron masses, their semileptonic weak decay rates and lifetimes.
The simplest nontrivial system in QCD is made of a pair of heavy quark and heavy
antiquark, which is called quarkonium. This system plays a fundamental role in un-
derstanding QCD. The system made of a pair of charmed quark and antiquark, cc¯, is
charmonium while the system with bottom quarks, bb¯, is bottomonium. It has been
more than 40 years since the first charmonium was observed in 1974. The quarko-
nium system provides an important laboratory to experimentally study the properties
of QCD. We can measure the masses of different quarkonium states, their decays and
transitions between various states. Many theoretical methods in QCD are directly re-
lated to analysis of those experimental results. We now have a good overall picture
about how the properties of quarkonium are related to the underlying theory of QCD.
For a comprehensive review of quarkonium system, one can read Ref. [4]. One can also
find the reviews with the emphasis on the QCD-based theoretical methods[5].
Nowadays, more precise and reliable data become available through the experiments
in electron-positron and hadron colliders. The new experiments not only offer further
tests to the theory, but also bring us new and unexpected phenomena. For an instance,
3the charged quarkonium-like resonances show unambiguous evidences for the existence
of hadrons containing four valence quarks. The nature of those four-quark states is
poorly understood. Another example is the observation of an anomalous breaking of
heavy quark spin symmetry. This symmetry is a powerful tool for understanding vari-
ous processes involving heavy quarks, but some recent experiments contradict severely
the predictions from the symmetry. They are not small excesses but with a large sta-
tistical significance (5-10σ). The major part of my research is to understand these new
experimental results and their implications to the underlying theory of QCD.
The rest of my dissertation is organized as follows. Chapter 2 introduces the QCD-
based methods used in understanding experimental results of heavy hadrons. The heavy
quark spin symmetry is particularly emphasized and illustrated by different examples
involving quarkonium spectroscopy and hadronic transitions. The QCD multipole ex-
pansion is also briefly discussed. The heavy quark spin decomposition formulism is
discussed in the first section of Chapter 3. The formulism is then applied to explain the
enhanced heavy quark spin symmetry breaking happened near the threshold of heavy
meson pairs. This method is also useful in the following Chapters as a convenient way
to derive the consequence of heavy quark spin symmetry. Two additional subtle effects
of strong interaction near threshold are also discussed in Chapter 3, namely enhanced
mixing of partial waves and isospin violation. These effects have clear experimental im-
plications and can be observed in future experiments. Chapter 4 studies the nature of
the exotic new and old quarkonium-like resonances. They are Zb(10610) and Zb(10650)
in bottomonium sector,Y (4260), Y (4360), and X(3915) in charmonium. Both hadronic
molecules and hadrocharmonium proposals are discussed. The last section in Chapter 4
provides a conventional explanation for a “charmonium-like” resonance. Chapter 5 will
use the data of hb(1, 2P ) and χb1(1, 2P ) to test a well-accepted theoretical picture of
bottomonium annihilation. As a result, the new data indicate a plausible contradiction
with this picture. Chapter 6 studies a strangeness changing heavy baryon decay. Due to
the recent high precision measurement of b baryon lifetimes, the discussed decay channel
may be visible with improved precision in future. This particular channel can be used
to test the idea of the strong diquark correlation or the hidden scale of QCD. Chapter
7 concludes the dissertation.
Chapter 2
Heavy Quark Spin Symmetry
The basic aspects of heavy quark theory are discussed in this chapter. There are es-
sentially no new results or perspectives. The purpose is to illustrate the basic idea
behind heavy quark theory, especially heavy quark spin symmetry. The discussion is
mainly qualitative and phenomenological. More deep and comprehensive reviews of
heavy quark theory can be found in Ref. [3].
2.1 Basics of QCD and Heavy Quark Symmetry
Let me briefly review the basics of QCD, the detailed exposition can be found in Ref. [1].
In parallel with the quantum electrodynamics(QED), which is the quantum theory of
electromagnetic interaction. QCD is the quantum theory of strong interaction, which
is responsible for holding nuclei together. A nucleon is made of quarks. Quark has
a quantum number color, which is the “charge” of the strong interaction. Everything
with color participates in strong interaction. A quark with a specific color state can be
represented by a triplet or a column vector q with three components.
q =


q1
q2
q3

 , q′ = Sq (2.1)
One important property of strong dynamics is that it is identical for all three colors.
In other words, if one rotates a color state q by a unitary 3-by-3 matrix S (S†S = 1)
4
5to another color state q′, then the physical consequences of the strong interaction or
observables involving the rotated state should be the same as before. This property is
so crucial that we name it as SU(3) gauge symmetry. Any quantity of physical signifi-
cance must obey this gauge symmetry. Based on the gauge symmetry and Lagrangian
field theory formalism, we have to introduce a color vector field Aˆµ that interacts with
any color triplet state and transforms accordingly when a color triplet state get rotated
so that the interaction is symmetry under the rotation. It is analogous to the electro-
magnetic vector field, but Aˆµ is a 3-by-3 matrix since unlike electromagnetic charges
represented by a real number, the color charge is a 3-component vector. The elementary
excitation of color vector field is called gluon. The strong dynamics between quarks and
gluons are described by the QCD Lagrangian[1]
LQCD = −1
4
GaµνG
µν,a +
∑
q
q¯iγµ(∂µ − igtaAaµ)q −mq q¯q
+
∑
Q
Q¯iγµ(∂µ − igtaAaµ)Q−mQQ¯Q
(2.2)
q and Q are used to represent light and heavy quark color triplets with each component
being Dirac 4-component spinor. mq and mQ are light and heavy quark masses. The
differentiation between heavy quark and light quark will be discussed later. ta is a
3-by-3 matrix, the SU(3) color generator with the normalization Tr(tatb) = (1/2)δab
and commutator relation [ta, tb] = ifabctc. fabc is the structure constant and repeated
index means summation. a = 1, 2, 3, ..., 8 is the color index, one example of such a set
of matrices are the Gell-Mann matrices. ta = λa/2. Dµ = ∂µ − igtaAaµ is the QCD
covariant derivative which encodes the interaction between the gluon and quark. g is
a numerical number characterizing the strength of the interaction. Aˆµ = A
a
µ · ta, since
ta is a matrix, Aaµ is a number representing a vector field in a particular color state. A
gluon, unlike a quark, is represented by an octet in SU(3), and its eight components are
Aaµ. Similar to QED, G
a
µν is the field strength tensor, and it is given by the following
expression.
Gaµν = ∂µA
a
ν − ∂νAaµ + gfabcAbµAcν (2.3)
Gaµν = −Gaνµ is total antisymmetric Lorentz tensor since fabc is total antisymmetric. We
can similarly define chromoelectric field Eai and chromomagnetic field B
a
i respectively
6as
Eai = −Ga0i, Bai =
1
2
ǫijkG
a
jk (2.4)
where i, j, k = 1, 2, 3 and repeated index means summation, ǫijk is total antisymmetric.
In addition to Lorentz index i, for each component of chromoelectric or chromomagnetic
field, there are eight color components as indicated by the color index a.
One essential property that QCD distinguishes itself from QED is the asymptotic
freedom. The QCD coupling constant αs = g
2/4π depends logarithmically on the energy
or momentum transfer scale of the physical process. The running of coupling constant
at one-loop level is given by the expression.
αs(q) =
αs(q0)
1 + bαs(q0)4π log
q2
q20
, b = 11− 2
3
nq ≥ 7 (2.5)
αs(q) is the coupling constant at a specific scale q and nq is the number of quark flavor
which is active at the scale q, nq ≤ 6. Eq.(2.5) relates the coupling constants at different
scales. One can see for high energies or short distances processes, i.e. for large q, αs(q)
decreases, the strong interaction becomes weak at further short distances. When q →∞,
αs(q) → 0, hence the quarks become asymptotic free. This is the asymptotic freedom.
Eq.(2.5) is derived within the framework of perturbation theory, thus it is only valid
for small αs. At the energy of the Z boson mass, q = MZ ≈ 90 GeV, it is measured
that αs(MZ) = 0.11 ∼ 0.12. Therefore, at high energies, the perturbative calculation
is reliable. However, at low energies where the relevant degrees of freedom are hadrons
instead of quarks and gluons, the nonperturbative effects are dominant. The hadronic
energy scale ΛQCD that separates those two regions can be estimated from Eq.(2.5).
Set the reference energy q0 = MZ , we solve for the energy scale q = ΛQCD where
αs(ΛQCD) ∼ 1.
q = q0 · e−
2pi
b
(
1
αs(q0)
− 1
αs(q)
)
(2.6)
At low energy, nq = 3 then b = 9, with αs(MZ) = 0.11 ∼ 0.12, we have estimated
ΛQCD = 0.3 ∼ 0.5GeV (2.7)
At a typical size of a hadron, r ∼ 1 fm, the momentum transfer within a hadron is in
the order of ΛQCD, hence the strong coupling constant αs is large. The strong dynamics
of quarks and gluons inside a hadron is very complicated. The theory (QCD) describing
7hadronic dynamics is in the nonperturbative regime. Quarks strongly interact with each
other through emission and absorption of gluons; in addition, gluons can interact with
themselves and also create extra quark-antiquark pairs.
However, the presence of a heavy quark in a hadron can simplify the picture. The
differentiation between heavy and light quarks is according to the comparison of the mass
of quark to the hadronic energy scale ΛQCD, namely mq ≪ ΛQCD ≪ mQ. The u, d and
s quarks are considered to be light quarks. Their masses are small1 compared to ΛQCD.
The c and b quarks2 are regarded as heavy quarks since their masses are significantly
larger than ΛQCD. Indeed, if one uses the mass of the bound state of a heavy quark and
anti-quark to estimate the mass of the heavy quark, namely mc ≈ MJ/Ψ/2 ≈ 1.5 GeV
and mb ≈ MΥ(1S)/2 ≈ 4.7 GeV, with “nominally” ΛQCD ∼ 0.5 GeV the separation of
scales can be illustrated by the following two ratios.
ΛQCD/mc ∼ 0.3, ΛQCD/mb ∼ 0.1 (2.8)
This separation of scales can simplify the physical picture. Consider a hadron containing
one heavy quark, the typical momentum transfer between the constituents inside the
hadron is of order ΛQCD. In the rest frame of the hadron, the heavy quark has the
same magnitude of momentum as the light part, |~pheavy| = |~plight| ∼ ΛQCD, thus the
velocity of the heavy quark is vQ = pQ/mQ ∼ ΛQCD/mQ, which is small provided that
mQ ≫ ΛQCD. Then, we can treat the heavy quark as a nonrelativistic object and ignore
any fluctuations due to the heavy quark fields, e.g. the effect of producing an additional
heavy quark and anti-quark pairs can be safely discarded. Therefore, we can view a
hadron containing a heavy quark as a slow moving heavy quark surrounded by a cloud
of light quarks and gluons.
Since the momentum exchanged between the heavy quark and its light component is
of order ΛQCD, the wavelength associated with the momentum is much larger than the
Compton wavelength of the heavy quark, thus the details of the heavy quark are not
resolved to the light component. In the limit ΛQCD/mQ → 0, the heavy quark is at rest
in a hadron, and the light part interacts with a static color field produced by the heavy
1 the masses of u and d quarks are a few MeV while s quark mass is about 100 MeV. Although the
mass of s quark is significantly larger than the masses of u and d quarks, compared to ΛQCD , they can
all be treated as light quarks.
2 top quark is also heavy but it decays too fast to form a bound state
8quark. Although the dynamics of the light component is complicated, it is insensitive
to the flavor and spin of the heavy quark. This is the heavy quark symmetry, which
states that in the limit mQ → ∞ the properties of a hadron containing a heavy quark
are independent of the spin and flavor of the heavy quark. The heavy quark symmetry
is useful in many ways. There are many standard references for this topic, e.g. Ref. [3].
We will focus on the heavy quark spin symmetry (HQSS) in this thesis.
The first line of Eq.(2.2) describes the dynamics of light quarks and gluons. This part
is what we call the light component, which is very complicated and beyond theoretical
control at hadronic energy scale. On the contrary, the heavy quark part (the second line
of Eq.(2.2)) is tractable. We can use nonrelativistic expansion to derive the effective
Hamiltonian describing the interaction between heavy quarks and soft gluon fields. The
derivation of the Hamiltonian is very similar to the methods used in deriving Pauli
Hamiltonian in QED. The details can be found in either Ref. [6] or in section 33 of
Ref. [7]. To the first order, the Hamiltonian can be written as
Hint = mQ +
(~σ · ~π)2
2mQ
+Hlight +O(1/m
2
Q) (2.9)
Note that Hlight, however complicated it might be, is independent of the mass of heavy
quark. The Pauli term (~σ·~π)
2
2mQ
acts on non-relativistic two component spinor of the heavy
quark.
~π = ~p− g ~A (2.10)
where Ai = A
a
i · ta, as usual, a is the color index, ta are the color generators. Ai is now
a matrix, it does not commute with other components. σi are Pauli matrices, which
satisfy σiσj = δij + iǫijkσk.
(~σ · ~π)2 = σiπiσjπj = ~π2 + i
2
ǫijkσk[πi, πj ]
= ~π2 − g~σ · ~B (2.11)
where Bi = B
a
i ·ta = 12ǫijk(∂jAk−∂kAj−ig[Aj , Ak]), is the chromomagnetic field. Thus,
Eq.(2.9) can be rewritten as
Hint = mQ +
(~π)2
2mQ
− g~σ ·
~B
2mQ
+Hlight +O(1/m
2
Q) (2.12)
As we can see from this Hamiltonian, the effect of the heavy quark spin is suppressed
by 1/mQ. In the limit mQ → ∞, the role of the heavy quark is producing a static
9chromoelectric field(gA0), which only depends on the color charge of the heavy quark.
The dynamics of a hadron only depends on the light degrees of freedom, Hlight, which
is independent of the flavor and spin of the heavy quark. In the exact heavy quark
symmetry(mQ → ∞), no interaction can change the spin of the heavy quark, while
the total angular momentum J of a hadron is conserved, then the spin of heavy quark
SH and the total angular momentum of the light component JL = J − SH should be
separately conserved. Therefore, we can use the quantum numbers SH ⊗ JL to classify
different states of hadrons containing a heavy quark. In addition, when transitions
between different states are considered[8], we have a “selection rule” ∆SH = 0 and
∆JL = 0. In the real world, the finite heavy quark mass introduces a correction in the
order of ΛQCD/mQ, which can be taken into account systematically.
2.2 Examples of Heavy Quark Spin Symmetry
Let me illustrate the HQSS with some simple examples. The mass splitting between
pseudoscalar and vector mesons is a good example of heavy quark symmetry. In exact
HQSS, for the same JL, there is two-fold degeneracy corresponding to the different
spin orientations of the heavy quark, which can be characterized by the total angular
momentum J = JL ± 12(except for JL = 0). For ground states of charmed and bottom
mesons, JL = 1/2, is the spin of the light quark, the mass splitting of pseudoscalar
(J = 0) and vector (J = 1) mesons are
MD∗ −MD ≃ 142MeV ; MB∗ −MB ≃ 46MeV (2.13)
When compared with their own masses MD0 ∼ 1.9GeV and MB0 ∼ 5.3GeV , the mass
splitting indeed is small. What’s more, we should expect the correction is of order
1/mQ. Thus, we anticipate that differences of squared masses of pseudoscalar(M0) and
vector(M1) mesons in B and D are the same.
M21 −M20 = (M1 +M0)(M1 −M0) ∼ O(mQ) · O(1/mQ) ∼ constant (2.14)
Indeed, we find
M2D∗ −M2D ≃ 0.55GeV 2 ; M2B∗ −M2B ≃ 0.49GeV 2 (2.15)
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When the light part is strange quark, we find
M2D∗s −M2Ds ≃ 0.58GeV 2 ; M2B∗s −M2Bs ≃ 0.53GeV 2 (2.16)
The picture of a hadron containing one heavy quark can be readily extended to
mesons made of two heavy quarks, like charmonium and bottomonium. We should
again expect the dominant interaction to be spin-independent, and the spin-dependent
interaction should be suppressed by 1/mQ. In fact, if we assume the spin interaction
is due to the chromomagnetic moments of two heavy quarks, ~µ1 · ~µ2 ∼ 1m2Q ~s1 · ~s2, the
suppression actually is of order 1/m2Q. The suppression of the spin-dependent interaction
can be easily seen from the spectrum of charmonium states. The hyperfine splitting are
E(13S1)− E(11S0) = MJ/ψ(1S) −Mηc(1S) ≃ 116MeV
E(23S1)− E(21S0) = Mψ(2S) −Mηc(2S) ≃ 49MeV (2.17)
where the standard notation (nr+1)
2S+1LJ is used, nr is the “radial” quantum excita-
tion number, S is the total spin of the quark pair, L is the orbital angular momentum, J
is the total angular momentum. The above energy excitation due to the spin interaction
should be compared with the spin-independent one
E(21S0)− E(11S0) = Mηc(2S) −Mηc(1S) ≃ 657MeV
E(23S1)− E(13S1) = Mψ(2S) −MJ/ψ(1S) ≃ 590MeV (2.18)
Indeed, we see the spin-dependent interaction is small.
With the help of HQSS, we can qualitatively understand various experimental results
without knowing details of the dynamics. For example, let’s consider the decays of
Υ(2S). The decay Υ(2S) → Υ(1S)η requires to rotate the spin orientation of the bb¯
pair while Υ(2S) → Υ(1S)ππ could proceed without moving the spin. To see this, we
notice that Υ(2S) and Υ(1S) are vector mesons while π and η are pseudoscalars. For
Υ(2S)→ Υ(1S)η, the η can only be emitted in P -wave, which mandates a factor of the
η meson momentum ~p in the amplitude. Thus, the only invariant amplitude with the
appropriate parity in rest frame of Υ(2S) is
A(Υ(2S)→ Υ(1S)η) = C · (~ǫ ′ × ~ǫ ∗) · ~p (2.19)
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where ~ǫ ′ and ~ǫ are the polarization amplitudes of Υ(2S) and Υ(1S). For pure 3S1 states
of the quarkonium each polarization ~ǫ coincides with the total spin of the quark pair.
Then the amplitude ((2.19)) requires a spin-dependent interaction that would rotate
the total spin of the heavy quark bb¯ pair. On the other hand, Υ(2S) → Υ(1S)ππ can
proceed through amplitude
A(Υ(2S)→ Υ(1S)ππ) = C ′ · ~ǫ ′ · ~ǫ ∗ (2.20)
which does not need to rotate the spin of bb¯ pair. Therefore, we should expect the decay
Υ(2S)→ Υ(1S)η is highly suppressed. It should be suppressed by a factor ΛQCD/mb ∼
0.1 in amplitude and a factor 0.01 in rate. Indeed, the ratio from experimental data [9]
Γ(Υ(2S) → Υ(1S)η)/Γ(Υ(2S) → Υ(1S)ππ) ∼ 10−3, is very small. Similar suppression
is found for Υ(3S), Γ(Υ(3S) → Υ(1S)η)/Γ(Υ(3S) → Υ(1S)ππ) . 10−2. In charmo-
nium, due to relative small mass of c quark, the HQSS constraints are weaker, but there
is still suppression of the η emission, Γ(ψ(2S) → J/ψη)/Γ(ψ(2S) → J/ψππ) ∼ 0.1.
This suppression in fact agrees very well with the expectation since Λ2QCD/m
2
c ∼ 0.1.
The above estimates can be made accurate and generalized to other hadronic tran-
sitions between quarkonium states by QCD multipole expansion. The applicability of
multipole expansion is also due to the large heavy quark mass. The size of the bound
state made by a heavy quark and anti-quark pair is small, r = O(1/mQ). It interacts
with soft gluons whose typical wavelength is λ = O(1/ΛQCD). In complete analogy
with electromagnetic theory, the multipole expansion is useful when we calculate the
atomic transitions under the influence of electromagnetic waves with the wavelength
much larger than the atomic size. Because of λ≫ r, we have similar multipole interac-
tion for QCD. Some leading terms from QCD multipole expansion are the chromoelec-
tric dipole (E1), the chromomagnetic dipole (M1) and the chromomagnetic quadrupole
(M2) interaction. Those terms are responsible for nearly all the hadronic transitions
between quarkonium states. For a review, one can see Ref. [10], and see also Ref. [11]
for QCD multipole expansion. The effective QCD multipole interaction Hamiltonian
can be written as [10]
HE1 = −1
2
ξa~r · ~Ea, HM1 = − 1
2mQ
ξa(~∆ · ~Ba), and HM2 = − 1
4mQ
ξaSjri(DiBj)
a
(2.21)
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where ξa = ta1 − ta2 is the difference of the color generators acting on the quark and
antiquark (e.g. ta1 = λ
a/2 with λa being the Gell-Mann matrices), ~r is the vector for
relative position of the quark and the antiquark, ~D is the QCD covariant derivative,
~∆ = (~σQ − ~σQ¯)/2 is the difference of spin operators of the quark-antiquark pair, and
~S is the operator of the total spin of the quark-antiquark pari. One can see HM1 and
HM2 are spin-dependent interactions which is suppressed by 1/mQ as compared to spin-
independent interaction HE1. An important difference of multipole interaction in QCD
from electromagnetic multipole interaction is that the color operator ξa appeared in
Eq.(2.21) will change the color quantum number of the state they act on. The physical
amplitudes arise in at least the second order in the interaction with the gluon field.
The two-pion transition between 3S1 states is generated in the second order in the
leading HE1 term while the η transition is produced by HE1 and HM2. The detailed
calculation using chiral algebra and certain low-energy theorems in QCD can be found
in Ref. [10]. The structures of the amplitudes are the same as Eq.(2.19) and Eq.(2.20).
The theoretical calculation gives the explicit forms of C and C ′, and the calculated ratio
of two amplitudes is in a good quantitative agreement with experimental data.
As we can see from above examples, when we study the phenomena involving
heavy quarks the heavy quark spin dependent effects are much smaller than the spin-
independent effects. For the leading order estimate, the spin of the heavy quark is a
conserved quantity. Any physical process that changes the spin of the heavy quark is
suppressed by 1/mQ. This is the main lesson from the HQSS. However, a number of
experiments show a significant breaking of HQSS which calls for new theoretical ideas
and explanations. This is the main subject of the rest thesis.
Chapter 3
Strong Dynamics near Open
Heavy Flavor Thresholds
The strong interaction near the threshold region of heavy meson-antimeson pairs is
very intriguing. A considerable number of resonances near the thresholds are found by
recent experiments. For example, the Zb(10610) and Zb(10650) resonances [12] are at
respectively the BB∗ and B∗B∗ thresholds , while the X(3872) [13], Zc(3900) [14, 15],
Zc(3885) [16], Zc(4020) [17] and Zc(4025) [18] are near the DD
∗ and D∗D∗ thresholds.
In addition to these unexpected resonances, the HQSS is found to break badly near the
threshold region. For an instance, the higher bottomonium state Υ(4S), whose mass
is very close to BB¯ meson pairs (MΥ(4S) −MBB¯ = 0.02 GeV), shows enhanced HQSS
breaking in its hadronic transitions to Υ(1S) [19], namely,
Γ(Υ(4S)→ Υ(1S)η)/Γ(Υ(4S) → Υ(1S)ππ) ≃ 2.41 (3.1)
This ratio is completely unexpected from HQSS. As discussed in Ch. 2, this ratio should
be in the order of 0.01. In this Chapter, peculiar features of strong dynamics near
threshold will be discussed. Section 3.1 introduces the heavy quark spin decomposition
formalism and explains the enhanced HQSS breaking phenomena (such as Eq.(3.1)) near
the threshold. The following two sections discuss the subtle effects of strong interaction
that have nontrivial experimental consequences. Section 3.2 studies the enhanced mixing
of partial waves of heavy meson pairs and Section 3.3 focuses on the isospin violation
in production of heavy mesons pairs near threshold. The discussed effects will help us
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better understand the strong dynamics near the open heavy thresholds.
3.1 Enhanced Heavy Quark Spin Symmetry Breaking due
to Mixing with Heavy Meson-antimeson Pairs
Many HQSS predictions of heavy quarkonium assume the quarkonium is in a pure bb¯ or
cc¯ states with definite quantum numbers. We indeed use the similar spectra notations
to label those states. However, we need to take into account other degrees of freedom
when the mass of quarkonium becomes larger, especially above the mass of heavy meson-
antimeson pairs. A straightforward evidence for the presence of other active degrees of
freedom is the discovery of charged Zb(10610) and Zb(10650) mesons. They are found
to decay to bottomonium, which means there is hidden bb¯ pair inside. Because of their
charge, it must have valence quarks (not quark-antiquark pairs from the quark sea) to
break charge neutrality. Due to the active roles of such extra degrees of freedom played
in the heavy quarkonium, they possess some unexpected properties, thus we call them
quarkonium-like resonances, which is the main subject of next chapter. In this section,
we study an important consequence of quarkonium mixing with heavy meson-antimeson
pairs. The extra degrees of freedom introduced by the heavy meson pairs will enhance
HQSS breaking.
It can be argued on general grounds that the effects of the deviation from HQSS due
to heavy meson pairs should be significantly enhanced for the quarkonium-like states in
a mass band near the open flavor threshold. Indeed, the typical HQSS breaking scale
is the mass splitting µ of the vector and the pseudoscalar mesons. µ ≃ 46 MeV for
the B mesons, and µ ≃ 140 MeV for the D mesons. If we denote ∆M as the mass
separation between quarkonium-like state and the threshold of the heavy meson pairs,
then the HQSS breaking effect due to the admixture with the heavy meson pairs can
be estimated by a dimensionless quantity µ/∆M . Clearly, this parameter becomes of
order one for the quarkonium-like resonances near the threshold region.
In exact HQSS limit, i.e., mQ → ∞, the spins of the heavy quarks decouple from
the dynamics. We can consider any system containing heavy quarks as a direct product
of two states: spin state of the heavy quark(s), χH and the other state with spinless
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heavy quark(s), ψSL. The decomposition can be written in general as
|Ψ〉 = |χH〉 ⊗ |ψSL〉 (3.2)
χH only retains the spin part of the heavy quark(s), any other degrees of freedom, such
as momentum of a heavy quark, light quarks and gluons, belongs to ψSL. The correction
to this heavy quark spin decoupled picture is on the order of ΛQCD/mQ. If the states are
labeled by quantum numbers JPC , where J is total angular momentum of the system,
P and C are parity and charge conjugate parity respectively, then the conventional
quarkonium states below the open heavy flavor thresholds can be decomposed according
to Eq.(3.2) as follows.
Table 3.1: Heavy quark spin decomposition of pure bottomonium
Bottomonium bb¯ χH ⊗ ψSL JPC
ηb(1S) 0
−+
H ⊗ 0++SL 0−+
Υ(1S) 1−−H ⊗ 0++SL 1−−
hb(1P ) 0
−+
H ⊗ 1−−SL 1+−
χb0(1S), χb1(1S), χb2(1S) 1
−−
H ⊗ 1−−SL 0++, 1++, 2++
Υ(1D) 1−−H ⊗ 2++SL 1−−
For definiteness, only bottomonium without radial excitation are listed in the ta-
ble. Higher radial excitation does not change this set of quantum numbers. Similar
assignments of quantum numbers also work for charmonium. The quantum number
JPCH for |χH〉 state in quarkonium is determined by the quantum number of a fermion-
antifermion system without any spacial motion, while the quantum number JPCSL for
the rest degrees of freedom |ψSL〉 is determined by the quantum number of a system in
which the heavy quarks were treated as scalar or ”spinless” particles. This decomposi-
tion makes the consequence of the HQSS manifest. In addition to conservation of total
quantum numbers, the exact HQSS requires the conservation of the quantum number
JPCH and J
PC
SL respectively. For example, by the total conservation of parity and angu-
lar momentum, the transition Υ(2S)→ Υ(1S)η is allowed to proceed through P−wave
emission of η meson. However, it is suppressed by the HQSS as seen in the previous
chapter. It can be also understood in the heavy quark spin decoupled picture here. The
exact HQSS leaves the state |χH〉 unchanged. The quantum number of initial ψSL is
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0++SL while the quantum number of final ψSL state
1 is 1++SL , thus the process is forbidden
by the exact HQSS.
We can also work out the heavy quark spin decomposition of the states involving
heavy mesons. In fact, such a decomposition was first used to analyze the heavy quark
spin structure of B∗B¯ − BB¯∗ and B∗B¯∗ mesons in explaining the properties of Zb
resonances [20]. The heavy B and B∗ mesons are both in the state 12
−
H
⊗ 12
+
SL
, where the
quantum number is JP , while the anti-mesons B¯ and B¯∗ are in state 12
+
H
⊗ 12
−
SL
. They can
combine to give a similar spin structure as quarkonium states with definite C parity. The
specific decomposition depends on the overall quantum numbers that the heavy meson-
antimeson pairs are formed. The complete spin structure including different isospin
states of S-wave heavy meson pairs can be found in Refs. [21, 22]. In this section, we
are interested in the heavy meson-antimeson pairs that can be directly produced in
e+e− collision near their thresholds, which requires isospin zero and JPC = 1−−. The
quantum numbers indicate a P -wave relative motion of a meson-antimeson pair. Higher
parity-odd orbital angular momenta can be safely neglected since their contribution are
small in the near-threshold region. There are four different P -wave states of the heavy
mesons with JPC = 1−−:
BB¯ : pi(B
†B)
B∗B¯ − B¯∗B√
2
:
i
2
ǫijkpj(B
∗†
k B −B∗kB†)
(B∗B¯∗)S=0 :
1√
3
pi(B
∗†
j B
∗
j )
(B∗B¯∗)S=2 :
1
2
√
3
5
pk(B
∗†
i B
∗
k +B
∗†
k B
∗
i −
2
3
δikB
∗†
j B
∗
j ) (3.3)
The states(B∗B¯∗)S=0 and (B∗B¯∗)S=2 are total spin 0 and 2 states of the B∗B¯∗ meson
pair. The center of mass momentum ~p and the wave functions of the pseudoscalar and
vector mesons are used to construct heavy meson pair states with appropriate quantum
numbers. The constant factors in the expressions ensure the same normalization for each
state. By “the same normalization”, we mean the squared absolute value of wave func-
tion of each state, after summing over all the polarizations and integrating all directions,
is the same. For instance, the normalization of B∗ meson state is ΣpolB
∗†
i B
∗
j = δij .
1 the final “spinless” state is 0++SL state in Υ(1S) combined with P−wave η meson, which gives total
1++SL state
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The four states of the meson pairs in Eq.(3.3) are not eigenstates of either the
operator of the total spin ~χH of the heavy quark pair, or the operator ~JSL = ~SSL + ~L,
describing the angular momentum in the limit of spinless b quark. In order to work
out the consequence of the HQSS, we need to express above four states in terms of the
eigenstates of operators ~χH and ~JSL, namely the states |χH〉 and |ψSL〉 in Eq.(3.2).
It can be done by using a similar method in Ref. [20]. We can use nonrelativistic
two-component spinors to represent the heavy meson states since they move slowly
near the threshold region. Concretely, let two-component spinor b (b†) represent the b
(anti)quark and two-component spinors q and q† represent the “rest” degrees of freedom
in the mesons, then the meson states can be written as B ∼ b†q and B∗i ∼ b†σiq, where
σi are the Pauli matrices. Replacing the heavy meson wave functions in Eq.(3.3) with
their spinor representations and performing the Fierz transformation, we obtain the
desired spin structures. For an example, with BB¯ state,
BB¯ : pi(B
†B) ∼ pi(b†q)(q†b) = −1
2
(b†σlb)(q†σlq)pi − 1
2
(b†b)(q†q)pi (3.4)
The Einstein summation rule (the repeated index means summing) is used. One readily
identify b†σlb is the eigenstate of the total heavy quark spin with χH = 1 while b†b is the
state with χH = 0. Similarly, q
†σlq for SSL = 1 and q†q for SSL = 0. The total angular
momentum JSL of the “rest” degrees of freedom is made of both the total spin SSL of
the light quark pair and the orbital angular momentum L which is represented by pi.
Thus, there are four different |ψSL〉 states. We can write them explicitly as follows.
1+−SL : pi(q
†q)
0++SL :
1√
3
pi(q
†σiq)
1++SL :
1
2
ǫijkpj(q
†σkq)
2++SL :
√
3
20
(pi(q
†σjq) + pj(q†σiq)− 2
3
δijpk(q
†σkq)) (3.5)
Therefore, any term involving spinors q and momentum pi can be expressed as a linear
combination of above four terms. Combining the four SL states with two spin states
of the heavy quark pair, there are total four states of χH ⊗ JSL with overall quantum
numbers JPC = 1−−. Labeling the four states as
ψ10 = 1
−−
H ⊗ 0++SL , ψ11 = 1−−H ⊗ 1++SL , ψ12 = 1−−H ⊗ 2++SL , ψ01 = 0−+H ⊗ 1+−SL (3.6)
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Then, the heavy quark spin structure for four heavy meson pair states are
BB¯ :
1
2
√
3
ψ10 +
1
2
ψ11 +
√
5
2
√
3
ψ12 +
1
2
ψ01
B∗B¯ − B¯∗B√
2
:
1√
3
ψ10 +
1
2
ψ11 −
√
5
2
√
3
ψ12
(B∗B¯∗)S=0 : −1
6
ψ10 − 1
2
√
3
ψ11 −
√
5
6
ψ12 +
√
3
2
ψ01
(B∗B¯∗)S=2 :
√
5
3
ψ10 −
√
5
2
√
3
ψ11 +
1
6
ψ12 (3.7)
One can easily check that the matrix of the transformation from the χH⊗JSL eigenstates
to the states of the meson pairs is orthogonal. This is the main result of the current
section. It has many phenomenological implications, which have been discussed in detail
at Ref. [23]. I only discuss two examples here to show how Eq.(3.7) can be used. The
first one is to explain the apparent breaking of HQSS, i.e., Eq.(3.1). The second one is
about production of heavy meson pairs in e+e− annihilation.
If the quarkonium-like states mix with heavy meson pair states, in addition to the
spin structure shown in Table 3.1, the quarkonium-like states will possess new spin
structures introduced by heavy meson pairs, as indicated in Eq.(3.7). This mixing can
explain the enhanced HQSS breaking effects observed in experiments. One example is
Υ(4S).
Υ(4S) is near the threshold ofBB¯ meson pair (MΥ(4S)−MBB¯ ≈ 20 MeV), and decays
dominantly to BB¯. It is reasonable to expect that there may be substantially mixing
with the heavy meson pair state BB¯ inside Υ(4S). The mixing introduces a new spin
structure ψ11, which can explain the greatly enhanced rate of Υ(4S)→ Υ(1S)η. In ψ11
component, the polarization amplitude ~ǫ ′ of Υ(4S) is made of the total spin polarization
~χ of bb¯ pair and ~l of the 1++SL component, i.e., ǫ
′
i = ǫijkχ
′
jlk. The polarization amplitude
~ǫ of Υ(1S) in the final state coincides with the total spin of bb¯ pair, ~ǫ = ~χ. Therefore,
the amplitude for the decay Υ(4S)→ Υ(1S)η can be written as
A(Υ(4S)→ Υ(1S)η) = C(~ǫ ′ × ~ǫ ∗) · ~p
= Cǫijkǫ
′
jχkpi
= Cǫijk · ǫjlmχ′llm · χkpi
= C(~χ ′ · ~χ)(~p ·~l)− C(~p · ~χ ′)(~l · ~χ) (3.8)
19
Thus, as long as ~χ ′ and ~χ are not parallel with ~l and ~p respectively, the process does
not require a spin-dependent interaction. In other words, setting ~χ ′ = ~χ does not result
in vanishing amplitude. It can proceed without changing the spin of the heavy quark
pair, so there is no HQSS suppression.
Furthermore, we notice that the BB¯ component contains a ψ01 state which is a spin-
singlet bb¯ pair. If we assume Υ(4S) has a substantial BB¯ admixture, we should also
expect an enhancement of decay to heavy quark spin singlet state such as ηb or hb, which
is very strongly suppressed for a pure bb¯ state of Υ(4S). The detailed discussion of the
Υ(4S) and possible experimental probes of the heavy meson mixing in quarkonium-like
states can be found in Ref. [23, 24]. As in the writing of the dissertation, the new
observation of the transition Υ(4S) → hb(1P )η is reported [25]. It turns out that this
transition is not at all suppressed, and in fact it is 27 times as large as the two pions
transition to Υ(1S) state. This is clearly an evidence for the existence of BB¯ component
in Υ(4S) state.
We next see what Eq.(3.7) implies for the production of heavy meson pairs in e+e−
annihilation. The heavy quarks are produced in electromagnetic current, i.e. b¯γµb. The
pure bb¯ is produced in 3S1 state. In non-relativistic near-threshold region, it corresponds
to the spin structure 1−−H ⊗ 0++SL . In exact HQSS, the heavy meson pairs can only be
produced through the channel ψ10. Then, after taking into account P -wave phase space
factor, we obtain a relation between cross sections
σ
v3
(e+e− → BB¯) : σ
v3
(e+e− → B∗B¯ + c.c.) : σ
v3
[e+e− → (B∗B¯∗)S=0] : σ
v3
[e+e− → (B∗B¯∗)S=2]
= (
1
2
√
3
)2 : (
1√
3
)2 : (−1
6
)2 : (
√
5
3
)2 = 1 : 4 :
1
3
:
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3
(3.9)
If S = 0 and S = 2 states of B∗B¯∗ are not experimentally resolved, we arrive at the
relation
σ
v3
(e+e− → BB¯) : σ
v3
(e+e− → B∗B¯ + c.c.) : σ
v3
(e+e− → B∗B¯∗) = 1 : 4 : 7 (3.10)
This prediction, pointed out long ago [26], is the direct consequence of the exact HQSS.
As argued at the beginning of the section, we should expect HQSS to be significantly
broken in near-threshold region. Indeed, the known experimental data on production of
bottom meson [9] as well as the charmed mesons [26, 27, 28, 29] dramatically contradict
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the prediction near the corresponding thresholds. For an example, in the observations
of the charmonium-like peak ψ(4040), the yield of the vector mesons pairs D∗D¯∗, al-
though with the smallest phase space, dominates the production of the charmed mesons.
However, when the heavy mesons are produced at center-of-mass energy far away from
their thresholds, we should expect HQSS to be restored. The available data on Υ(5S)
is a good illustration of this point. The resonance Υ(5S) is well above the thresholds
for nonstrange B∗B¯∗ meson pairs, µ/∆M ∼ 0.2, while its mass is close to the thresh-
olds of the strange meson pairs B∗s B¯∗s , µ/∆Ms ∼ 0.5. The HQSS should be good for
nonstrange mesons and broken significantly for strange mesons. This is indeed what we
observed. If we assume that conversion from a pair of strange Bs mesons to a pair of
nonstrange B mesons is OZI suppressed. We should expect the relative cross sections
obey the Eq.(3.10). The available data [9] give the following result:
σ(Υ(5S)→ BB¯) : σ(Υ(5S)→ B∗B¯ + c.c.) : σ(Υ(5S)→ B∗B¯∗) ≃ 1 : 2.5 : 7 (3.11)
This is not very bad (without a phase space correction). It is much closer to Eq.(3.10)
than the similar relation for the production of strange B
(∗)
s mesons, where the B∗s B¯∗s is
dominant in the final state. It takes up to 90% [9] of total decay to strange meson pairs.
Although the enhanced HQSS breaking near threshold region is generally expected,
the specific mechanism is unclear, for example, why the production of vector meson pairs
dominates? Furthermore, the data on charmed mesons [27] show the ratio in Eq.(3.10)
displays an intriguing variation depending on the energy above the thresholds. It has
been suggested [30, 31] that a possible new resonance is responsible for the observation
of the data. Therefore, it is very important to study in detail the strong interaction
between the heavy meson pairs near the threshold region, which is the subject of the
following two sections.
3.2 Mixing of Partial Waves for Heavy Meson Pairs in
e+e− Annihilation
It is expected in general that the rescattering between the heavy meson pairs at the
energy near the threshold will distort the production ratio predicted by HQSS Eq.(3.9).
One extreme case is to consider the scattering of heavy meson pairs at center of mass
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energy E where M(B∗B¯) < E < M(B∗B¯∗), then the scattering channels are only
open for B∗B¯ and BB¯, the channel B∗B¯∗ which is the heavy quark spin partner of the
previous two channels is never produced since there is not enough energy to produce it.
In general case, the scattering amplitudes between heavy mesons depend on the energy
E. When E ≫M(B∗B¯∗), the mass difference between heavy meson pairs can be ignored
and scattering amplitudes in different channels obey the relation predicted by HQSS, so
the rescattering at higher energy can not provide a mechanism to break the prediction
Eq.(3.9). However, for the rescattering near the threshold, the scattering amplitudes
generally do not obey HQSS. One specific example of this general argument is the
enhanced partial wave mixing of B∗B¯∗ mesons pair produced in e+e− annihilation which
can be reliably calculated by pion-exchange interaction near the threshold. This section
is devoted to illustrate the calculation. The main content is based on the paper [32].
The overall quantum numbers JPC = 1−− of a pair of B∗B¯∗ or D∗D¯∗ mesons
produced in the e+e− annihilation allow for three different combinations of the orbital
momentum and the total spin S of the pair: P wave with S = 0 as well as a P or F wave
with S = 2. It is generally expected that the F wave is kinematically suppressed near
the threshold, which still leaves unknown the composition of the P -wave production
amplitude in terms of the S = 0 and S = 2 components. This composition, clearly
measurable from angular distributions [23], can be quite nontrivial [30] and in fact
rapidly varying function of the c.m. energy in the near threshold region. In either case,
the actual composition of the amplitude is very likely to be much different from the
expectation of HQSS. Namely, the S = 2 wave is a factor of 20 in cross section larger
than the S = 0 wave as indicated by Eq.(3.9).
It is quite clear that the forces between the heavy mesons depending on the spins of
light quarks result in a mixing of the partial waves, as discussed [33] for the S−D mixing
in the JP = 1+ channel, and for heavy mesons the effect of these forces is enhanced by
the factor of the meson mass M . The enhancement of the effects of the interaction of
heavy hadrons through the light degrees of freedom is well known. Indeed, in the limit
of large mass M of the heavy quark, the latter interaction, described by a potential V ,
does not depend onM . Thus, at a given momentum scale p, any effect of the interaction
enters through the product MV and thus gets bigger at large M . For an example, in
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the perturbation theory, the correction to wave function is given by
ψ(1) ∼ V
E0 − E =
M · V
p20 − p2
(3.12)
where E0, E are the kinetic energies in center of mass frame of heavy meson pairs while
p0 = |~p0|, p = |~p| are corresponding center-of-mass momenta E = p2/M . One can see for
the fixed center-of-mass momentum p0, the effect of interaction V comes with a product
MV .
There is likely a part of this interaction at short distances determined by ΛQCD that
is currently impossible to analyze in a model independent way. However the interaction
also contains a long-distance part due to the pion exchange (see e.g. in Ref. [22]),
determined by the strength g of pion interaction with the heavy mesons, known [9]
from the decay rate D∗ → Dπ. The effects of the pion exchange can be separated from
those of the short-distance interaction in the range of c.m. energy above the threshold
E = p2/M where the c.m. momentum p is small compared to ΛQCD, p
2 ≪ Λ2QCD.
Indeed, in the JPC = 1−− channel two types of effects are possible: the P − F wave
mixing and the mixing of the S = 0 and S = 2 P waves. At the short distance where
the strength and the range of the potential are determined by ΛQCD, the ratio of the
amplitudes that an P -wave state rescatters into a F -wave (the P −F wave mixing) can
be estimated as
AF
AP
∝ Mp
2
Λ3QCD
(3.13)
The estimate generally applies as long as p2 ≪ Λ2QCD, however the pion mass µ can be
considered small 2 in the scale of ΛQCD. We have two small scales p
2 and µ2, thus the
estimate Eq.(3.13) should be modified for the effect of pion exchange as follows.
AF
AP
∝ g2 Mp
2
ΛQCDµ2
at p2 ≪ µ2 (3.14)
and
AF
AP
∝ g2 M
ΛQCD
at Λ2QCD ≫ p2 ≫ µ2 (3.15)
Compared to Eq.(3.13), the estimated effect of pion exchange interaction Eq.(3.14) is
enhanced by a factor g2Λ2QCD/µ
2 while Eq.(3.15) is enhanced by g2Λ2QCD/p
2. These
2 In fact, the pion mass vanishes in the chiral limit, and at small mass of the u and d quarks:
µ2 ∼ (mu +md)ΛQCD
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estimates imply that the pion exchange dominates the wave mixing at the energies
corresponding to p2 ≪ Λ2QCD and becomes comparable with the effect of other con-
tributions to the spin-dependent interaction at p2 . Λ2QCD where the pion exchange
can no longer be separated from those other short distance contributions. The effect
of the pion exchange at such momenta is not calculable, due to unknown form factors
in both the pion interaction with heavy hadrons (g is not constant anymore) and the
short-distance behavior of AP . For this reason, the specific calculations in this section
are limited to the energies above the threshold corresponding to p2 ≪ Λ2QCD.
In what follows we calculate the effects arising from the pion exchange in the partial
wave mixing for pairs of heavy vector B∗ mesons3 , so that in our numerical estimates we
use M = 5325MeV. We find that the P −F mixing, although parametrically enhanced
at low p, is still of a moderate value and reaches only about 0.1 in the amplitude at
the upper end of the applicability of our approach, p ≈ 300MeV. Thus we confirm
the existing expectation that the presence of the F wave in production of heavy vector
meson pairs in e+e− annihilation is likely insignificant at energies slightly above the
threshold.
The mixing of the S = 0 and S = 2 channels due to the short-distance interaction
is generally of order one at any energy near the threshold. However, the energy scale
for a variation of this part is set by Λ2QCD/M , so that no significant change is expected
as long as p2 ≪ Λ2QCD. In particular, the absorptive part of the S = 0 and S = 2
mixing amplitude is proportional to M p3/Λ4QCD due to the P wave phase space. On
the other hand, the pion exchange contribution experiences a significant variation on a
smaller energy scale. Namely we shall argue that the absorptive part of the S = 0 and
S = 2 mixing amplitude behaves as g2M p/Λ2QCD at µ
2 ≪ p2 ≪ Λ2QCD and numerically
changes from zero at the threshold to a factor of order one at p ≈ 200− 300MeV. Thus
the expected effect of the pion exchange in the latter mixing is a rapid variation above
the threshold in the range of excitation energy up to 15− 20MeV.
It can be also noticed that the re-scattering between the channels with two vector
mesons and those with one or two pseudoscalar mesons, e.g. BB¯ → B∗B¯∗ and B∗B¯ →
B∗B¯∗, which generally also contributes to the mixing of partial waves of the vector
3 A similar calculation is applicable also to the D∗D¯∗ meson pairs. However the significance of the
discussed effects at a fixed c.m. momentum is scaled down by the lighter mass of the charmed mesons.
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mesons, should be considered as a short-distance effect, whether it proceeds through
the pion exchange or through other forces. Indeed, the momentum transfer in these
processes is of the order of q ∼ √M ∆ with ∆ being the mass difference between the
vector and pseudoscalar mesons. Since in the heavy quark limit the parametric behavior
is ∆ ∼ Λ2QCD/M , one finds that in the cross-channel re-scattering q ∼ ΛQCD, and at
such momentum transfer the pion exchange is indistinguishable from other short-range
forces. For this reason in our calculations of the pion exchange we consider only the
diagonal re-scattering B∗B¯∗ → B∗B¯∗ as shown in Figure 3.1
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Figure 3.1: Diagonal re-scattering through pion exchange of B∗B¯∗ meson pairs produced
in e+e− annihilation
The diagonal interaction of pions with the isotopic doublet of heavy vector mesons
V = (B∗+, B∗0) can be written as
Hint = i
g
fπ
ǫljk(V
†
j τ
aVk) ∂lπ
a , (3.16)
where τa are the isotopic Pauli matrices, fπ ≈ 132MeV is the pion decay constant,
and g is a dimensionless coupling constant determined from the D∗ → Dπ decay4 as
4 In our normalization, the decay rate is calculated as Γ(D∗+ → D+pi0) = g2p3/(6pif2pi), where
p = 38 MeV is c.m. momentum of two body decay.
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g2 ≈ 0.18. πa represents components of π isotopic triplet.
π =


i√
2
(π+ + iπ−)
1√
2
(π+ − iπ−)
π0

 (3.17)
It is assumed in Eq.(3.16) that the nonrelativistic normalization is used for the wave
functions of the heavy mesons.
The amplitude for the production of a B∗B¯∗ pair in e+e− annihilation near the
threshold can generally be written in term of three partial wave amplitudes:
A(e+e− → B∗B¯∗) = A0(p2) jkpk · 1
3
albl + jk · 1√
20
(
aibj + ajbi − 2
3
δij albl
)
×{
A2(p
2) δkipj +
5√
6
AF (p
2)
[
1
p2
pipjpk − 1
5
(pkδij + pjδik + piδkj)
]}
, (3.18)
where ~p(p2 = ~p2) is the c.m. momentum of one of the mesons, ~a and ~b are the polariza-
tion amplitudes for the meson and anti-meson and ~j denotes the polarization amplitude
of the virtual photon. The amplitudes A0 and A2 are the S = 0 and S = 2 P -wave
amplitudes and AF is standing for the F -wave one. The relative normalization of the
amplitudes in Eq.(3.18) is chosen in such a way that the production cross section is
proportional to p3 (|A0|2 + |A2|2 + |AF |2). One can also notice that under this normal-
ization the expansion of AF at small momentum p starts with p
2. The HQSS predicts
the following relation between the production amplitudes
HQSS: A2/A0 =
√
20, AF = 0 (3.19)
which will be changed by the re-scattering between heavy mesons.
In what follows we treat the mixing of partial waves induced by the pion as a small
effect and we calculate it in the first order of perturbation theory for which we use the
nonrelativistic (in heavy mesons) formalism. Proceeding in this way and considering
the projection on the F -wave we find the following expression for the amplitude AF
generated after re-scattering through the pion exchange by the P -wave amplitudes A0
and A2:
AF (p
2) =
g2
f2π
1
p2
[
1
p2
pipjpk − 1
5
(pkδij + pjδik + piδkj)
]
×
∫
d3q
(2π)3
[√
30
2
A0(q
2) +A2(q
2)
]
M
q2 − p2 − iǫ
qi (qj − pj) (qk − pk)
(~q − ~p)2 + µ2 . (3.20)
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One can notice that this expression includes the isotopic factor of 3, which corresponds
to the pion exchange interaction in the isoscalar state of the B∗B¯∗ pairs produced in
e+e− annihilation. The presence of the F wave projector in Eq.(3.20) implies that only
the part of the integral proportional to pipjpk contributes to the P −F mixing. Namely,
if one writes the general expression allowed by the symmetry for the integral
∫
d3q
(2π)3
[√
30
2
A0(q
2) +A2(q
2)
]
M
q2 − p2 − iǫ
qi (qj − pj) (qk − pk)
(~q − ~p)2 + µ2 =
C1(p
2) pi δjk + C2(p
2) (pj δik + pk δij) + C3(p
2) pipjpk , (3.21)
only the structure proportional to C3 contributes to the expression (3.20) for the am-
plitude AF :
AF (p
2) =
2
5
g2
f2π
p2C3(p
2) . (3.22)
Clearly, if the amplitudes A0 and A2 are smooth functions as q
2 varies on the scale
of p2 or µ2 the integral for C3 converges and is determined by the range of q such that
q2 ∼ p2, or q2 ∼ µ2 if p2 < µ2. In order to estimate the numerical significance of the
P − F mixing we approximate the amplitudes A0 and A2 by constants, in which case
the integral is calculated analytically and the result reads as
AF (p
2) = rFP (p)
[√
30
2
A0 +A2
]
(3.23)
with the mixing function rFP (p) given by
rFP (p) =
g2
20π
M µ
f2π
{
5 + 18 t+ 8 t2
16t5/2
arctan(2
√
t)− 15 + 34t
24t2
+i
[
15 + 24 t− 4 t2
24 t3/2
− 5 + 18 t+ 8 t
2
32 t5/2
log(1 + 4 t)
]}
, (3.24)
where t = p2/µ2.
The plot for the function rFP (p) is shown in Figure 3.2. One can see that the
discussed P−F wave mixing is quite small. Indeed, at the upper end of the applicability
range of our calculation, at p ≈ 300MeV, the mixing function is still less than 0.05,
corresponding to only of order 0.1 mixing with the S = 0 P -wave amplitude, and
smaller for the S = 2 P -wave amplitude.
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Figure 3.2: The function rFP describing the mixing of the P and F waves: the absolute
value (solid), and the real (dotdashed) and imaginary (dashed) parts.
The available data [34, 35] do not indicate a presence of a resonance at the B∗B¯∗
threshold in e+e− annihilation. However the data are not yet conclusive and a threshold
resonance may show up in future studies. In this case our approximation of smooth
(constant) amplitudes A0 and A2 would generally be not applicable literally. For this
reason we have verified that using in Eq.(3.20) these amplitudes with a Breit-Wigner
shape instead of constants does not qualitatively change the conclusion that the P −F
mixing is small and remains at the level of 0.1 or less for a broad range of the resonance
parameters.
We shall argue that the effect of the pion exchange is significantly larger numerically
for the mixing of the two P -wave amplitudes A0 and A2. Proceeding to a calculation of
this effect we notice that the mixing A0 → A2 is the same as A2 → A0 by reversibility,
so that it is sufficient to consider the mixing only ‘in one direction’, e.g. the S = 2
amplitude A2 generated by the S = 0 production amplitude A0. Using Eq.(3.16) for
the heavy meson - pion interaction and our definition in Eq.(3.18) of the production
amplitudes, we find that for a pair initially produced by the amplitude A0 an S = 2
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state is generated by rescattering with the amplitude
Aπ2 = jk
1√
20
(
aibj + ajbi − 2
3
δij albl
)
×
√
5 g2
f2π
∫
d3q
(2π)3
A0(q
2)
M
q2 − p2 − iǫ
qk (qi − pi) (qj − pj)
(~q − ~p)2 + µ2 . (3.25)
If one writes the general expression for the three-index integral in terms of partial waves,∫
d3q
(2π)3
A0(q
2)
M
q2 − p2 − iǫ
qk (qi − pi) (qj − pj)
(~q − ~p)2 + µ2 = D1(p
2) pk δij
+D2(p
2) (pj δik + pi δjk) +D3(p
2)
[
1
p2
pipjpk − 1
5
(pkδij + pjδik + piδkj)
]
,(3.26)
it can be readily seen that the S = 2 projector in Eq.(3.25) selects only the part
proportional to the invariant function D2. As a result the expression for the generated
S = 2 amplitude δA2 can be written as
δA2(p
2) =
g2√
5 f2π
∫
d3q
(2π)3
A0(q
2)
M
q2 − p2 − iǫ
1
p2
3 (~p · ~q − p2) (q2 − ~p · ~q)− (~p · ~q) (~q − ~p)2
(~q − ~p)2 + µ2 .
(3.27)
Unlike the integral for the P −F mixing in Eq.(3.20) this expression does not converge
for a constant A0(q
2) and thus is not determined by the intermediate momentum q2 ∼
p2 ≪ Λ2QCD if the amplitude A0(q2) varies at the scale of Λ2QCD. Thus the pion exchange
at small momentum transfer does not dominate the discussed mixing of the P waves,
and one should take into account other interactions at short distances. However the
significance of the mixing generated by the pion exchange at longer distances can still
be evaluated from Eq.(3.27) by considering the absorptive part of the mixing determined
by q2 = p2. The calculation of the absorptive part of the mixing amplitude is done by
replacing in Eq.(3.27) the propagator (q2 − p2 − iǫ)−1 with π δ(q2 − p2), and one finds
δA2(p
2)
∣∣
abs
= r20(p)A0(p
2) (3.28)
with the absorptive mixing function r20 given by
r20(p) =
g2
16
√
5π
M p
f2π
[
−6 + µ
2
p2
+
(
µ2
p2
− µ
4
4 p4
)
log
(
1 +
4 p2
µ2
)]
. (3.29)
The plot of the function r20 is shown in Figure 3.3. One can see that this function
changes between zero at the threshold to rather large values of about 0.75 at the upper
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end of the applicability of our calculation. This significant and rapid variation of the
mixing in fact justifies a consideration of the absorptive part alone, since the dispersive
part and any other effects arising from short distances are expected to exhibit a variation
on the momentum scale of order ΛQCD, which scale is parametrically larger than the
range of the plot in Figure 3.3. Thus any possible cancellation in the absorptive part
due to the short-distance processes cannot take place in the entire range of momenta,
at which our approach is applicable.
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Figure 3.3: The function r20 describing the absorptive part of the mixing between the
S = 0 and S = 2 P -waves.
In this section, we have considered the effect of the pion exchange on the mixing
between three partial waves of B∗B¯∗ mesons produced in e+e− annihilation at energy
near the threshold. The pion exchange is calculable and dominates the mixing of P
and F waves as long as the c.m. momentum p of the mesons is small as compared to
ΛQCD, which restricts the range of the excitation energy of the meson pair to at most
E ≈ 15÷ 20MeV. We find that the P −F mixing is rather small and should not exceed
approximately 0.1 in the amplitude. The mixing effect is however significantly larger
numerically for the mixing of the two P -wave states, corresponding to the total spin
of the meson pair S = 0 and S = 2. Only for the absorptive part of this mixing the
dominance of the pion exchange can be ensured, while the full effect generally depends
on the unknown interaction at short distances determined by ΛQCD. We find that in
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the latter case the absorptive part of the mixing rapidly changes with energy from zero
at the threshold to about 0.75 at the upper end of the range where our approach is
applicable. We thus conclude that the partial wave composition of the produced pairs
of vector B∗ mesons should exhibit a nontrivial behavior near the threshold in e+e−
annihilation, which can be studied experimentally.
3.3 Isospin Violation in the Yield of Heavy Meson Pairs
Isospin violation in the production of heavy meson pairs is another interesting effect
of strong interaction near the threshold. The isospin violation can be probed by the
observable quantity called charged-to-neutral ratio Rc/n, which can be defined generally
as follows.
Rc/n =
the yield of charged meson pairs
the yield of neutral meson pairs
(3.30)
The heavy meson pairs can be produced in both S and P wave. We shall see Rc/n is
sensitive to strong interaction parameters which provides a way to study the strong dy-
namics near threshold region. The P -wave heavy meson pairs can be produced directly
in e+e− annihilation and Rc/n can be written as the ratio
Rc/n =
σ (e+e− → X+X−)
σ
(
e+e− → X0X¯0) (3.31)
where X stands for pseudoscalar or vector heavy mesons, i.e., D(∗) or B(∗). The cal-
culation of Eq.(3.31) and how it compared to the experimental data was discussed in
detail at Ref. [36].
In this section, we address the charged-to-neutral ratio Rc/n of the yield of heavy
meson pairs in the processes of the type e+e− → π0D∗D¯(∗) and e+e− → γ D(∗)D¯(∗) and
the similar processes with the B(∗) mesons very near and exactly at the threshold for
the corresponding pair of charged mesons. Namely, calculate the following observable
Rc/n =
σ (e+e− → π/γ X+X−)
σ
(
e+e− → π/γ X0X¯0) (3.32)
Due to additional emission of π or γ, unlike in Eq.(3.31), the heavy meson pairs are
produced in S-wave, which is a more interesting channel to study, since the formation
of the resonant structure (either bound state or virtual state) of heavy meson pairs is
more likely in S-wave. The discussion in this section is based on the paper [39].
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The deviation of this ratio from the value determined by the isotopic properties of
the source of the pairs due to the isospin-violating mass differences within the isotopic
doublets of heavy mesons and due to the Coulomb interaction between the charged
mesons is most significant near the threshold 5 .Furthermore, it has been argued pre-
viously [38, 36, 37] that the specific expressions for the isospin-violating effects in the
charged-to-neutral yield ratio are sensitive to the strong-interaction scattering phases
and can thus serve as a probe of the force between the heavy mesons. The formulas for
the dependence of Rc/n on the scattering phases were found for a P -wave [36] and for an
S-wave [37] production in the first order in the isospin-violating mass and electric charge
differences. Given that the effect of these differences grows as the energy decreases to-
wards the threshold, the available expressions are not applicable very near or at the
threshold where this effect is the largest and, hopefully, is more readily measurable. For
this reason we derive here the expressions for Rc/n that are valid to all orders in the iso-
topic mass difference and in the Coulomb interaction between the charged mesons. Our
treatment is complementary to the previous studies in that it is applicable at low energy
above the threshold in the center of mass of the heavy meson pair, where the scattering
between the mesons can be described in the S-wave within the small interaction radius
approximation [40] in terms of the scattering lengths a0 and a1 in the channels with
definite isospin. We find in particular that due to the Coulomb attraction the yield of
pairs of charged mesons does not go to zero at exactly the threshold, but rather starts
with a finite step, at which the ratio Rc/n for charmed mesons is generally comparable
to one with the specific value being determined by the isotopic mass difference and the
appropriate strong scattering length.
In what follows we start with describing the approach to the problem and derive
the expression for Rc/n in the case where the meson pair is produced by an isotopically
pure source, such as e.g. I = 1 source in e+e− → π0D∗D¯(∗). There is also a case of an
isotopically mixed source such as in the process e+e− → γ D(∗)D¯(∗) where the photon
can be emitted by the current of light quarks. The formula for isotopically pure source
can be readily generalized to that for mixed source. The explicit formula is not given
here but can be found in Ref. [39].
5 Clearly the isotopic mass difference is not essential for the B and B∗ mesons where it is known to
be very small, but the Coulomb interaction may give rise to a significant effect in Rc/n [37].
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In the small interaction radius approximation (see e.g. in the textbook [40]) it
is assumed that the strong interaction is limited to distances r between the mesons
shorter than an effective radius r0. At r < r0 the potential for the strong interaction is
assumed to be much larger than the isospin violating terms and also much larger than
the variation of the center of mass energy E from the threshold in the range where
the discussed approximation is considered. The former assumption implies that the
interaction at r < r0 depends only on the isospin, and that in this ‘inner’ region the
system with a fixed orbital momentum is described by the radial wave functions with
definite isotopic spin: φ0(r) for I = 0 and φ1(r) for I = 1. In the absence of any sources
these functions should be regular at r = 0. We use the notation φ(r) = r R(r) with
R(r) being the radial part of the solution of the three-dimensional Schro¨dinger equation
in a given partial wave, so that in the S-wave the regularity implies φ0,1(0) = 0. These
solutions to the ‘inner’ problem are to be matched to the ‘outer’ wave functions at
r = r0, so that the matching conditions are determined by their logarithmic derivatives
at r0:
φ′0(r)/φ0(r)|r=r0 = −κ0, φ′1(r)/φ1(r)|r=r0 = −κ1. (3.33)
In the energy range that is much smaller than the potential of the strong interaction
in either of the isotopic channels the dependence of the wave functions φ0 and φ1 on
the specific value of the energy can be neglected, so that the constants κ0,1 can be
considered as independent of the energy. At r > r0 the strong force can be entirely
neglected, and the wave functions for the meson pairs are described either by a free
particle Schro¨dinger equation for neutral particles, or by the motion in the Coulomb
potential for the charged mesons. The solutions to these ‘outer’ equations are to be used
for matching at r = r0 the logarithmic derivatives in Eq.(3.33). In the limit where the
mass differences and the Coulomb interaction are neglected, the isotopic symmetry is
exact for the outer problem as well, and the solutions for the outer problem are simply
the plane waves exp(±ipr) with p being the momentum of each of the mesons in the
center of mass frame. Furthermore, at low energy above the threshold the momentum
is also small, so that pr0 ≪ 1 and (for the ‘outer’ functions) the matching conditions
can be considered as shifted from r = r0 to r = 0. In this limit one thus readily finds
the well known expressions for the scattering amplitudes in the channels with definite
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isospin [40]
f0 = − 1
κ0 + i p
, f1 = − 1
κ1 + i p
, (3.34)
so that the scattering length [defined as −f(p → 0)] in each channel is the inverse of
the corresponding κ:
a0,1 =
1
κ0,1
. (3.35)
The expressions (3.34) correspond to the scattering phases δ0 and δ1 in the isotopic
channels given as
cot δ0,1 = −κ0,1
p
. (3.36)
This relation shows the deficiency of using the scattering phases for discussion of isospin
violating effects beyond the first order. Indeed, once e.g. the isotopic mass difference
between the mesons is taken into account, the momentum p for the pair of neutral
mesons, pn, is different from that for the pair of charged ones, pc. As a result the notion
of the scattering phases for definite isospin becomes ambiguous, and this ambiguity
is determined by the ratio of the mass difference to the excitation energy above the
threshold. On the contrary, the isotopic parameters κ0,1 (or, equivalently, the scattering
lengths) are stable as long as the isospin violating terms are small in comparison with
the energy of the strong interaction in the ‘inner’ region and can be neglected.
Proceeding to our derivation of the formulas for Rc/n we start with neglecting the
Coulomb effect and considering only the isospin violation by the isotopic mass difference
in a process, where the heavy meson pair is produced by an isotopically pure source. For
definiteness we consider a source producing the heavy meson pairs in the I = 1 state,
as is the case, we believe to a good accuracy, for the processes e.g. e+e− → π0DD¯∗
and e+e− → π0D∗D¯∗. Unlike in the scattering problem, the relevant for the production
process wave functions contain only outgoing waves. Denoting φc(r) (φn(r)) the ‘outer’
wave function for the pair of charged (neutral) mesons, one can formulate the problem
as that of finding the solution that up to an overall normalization factor (common for
φn and φc) at r > r0 reads as
φc(r) = b1 exp(ipcr), φn(r) = exp(ipnr) , (3.37)
where the notation b1 implies that this coefficient arises in a situation where the source
is a pure isovector. The ratio of the outgoing fluxes in the waves in Eq.(3.37) determines
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the ratio Rc/n:
Rc/n =
pc
pn
|b1|2 , (3.38)
so that the problem reduces to finding the coefficient b1.
As different from the scattering problem, in the production process there is an
isovector source coupled to the I = 1 function φ1. We consider here the case where the
source is located within the region of the strong interaction, i.e. at r < r0. This appears
to be a reasonable assumption for the practical experimental conditions. Indeed, the
emission of the pion is a strong interaction process with the corresponding distance
scale, and the only ‘smearing’ of the source could arise for soft pions from the pion
Compton wave length. In the actual measurements at the e+e− energy
√
s ≈ 4.26GeV
and above the pion momentum for the production of the charmed meson pairs at the
threshold is at least as large as 0.2GeV, so that the corresponding characteristic distance
is also comparable to the scale of the strong interaction. Thus the isovector ‘inner’ wave
function φ1 is not a solution of the ‘inner’ problem without a source, and the second of
the boundary conditions in Eq.(3.33) should not be used. However the isoscalar channel
is not affected at r < r0 by the source, and the isoscalar function φ0(r) is not changed
and satisfies the first of the relations in Eq.(3.33). Thus the isoscalar combination of
the wave functions (3.37), φ0 = φc + φn should still satisfy this boundary condition at
r = r0. Shifting, as before, the matching point to r = 0, one readily finds the expression
for the coefficient b1:
b1 = −κ0 + ipn
κ0 + ipc
, (3.39)
so that
Rc/n =
pc
pn
κ20 + p
2
n
κ20 + p
2
c
. (3.40)
Including the effect of the Coulomb attraction between the charged mesons amounts to
replacing the outgoing plane wave exp(ipcr) in the ‘c’ channel with the exact solution in
the Coulomb potential VC = −α/r which asymptotically at r→∞ is an (appropriately
normalized) outgoing wave. This solution is well known (and can be found e.g. in the
textbook [40]) and is given by
g(r) = −2i pcr exp(ipcr)
[
1− exp(−2πλ)
2πλ
]1/2
Γ(1− i λ)U(1 − i λ, 2,−2i pcr) , (3.41)
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where U(a, b, z) is the standard confluent hypergeometric function of the second kind,
and λ stands for the Coulomb parameter, λ = mα/pc, withm being the reduced mass for
the pair of charged mesons, e.g. m ≈ 1.05GeV for the D∗+D∗− pair and m ≈ 0.97GeV
for D+D∗−. The solution in Eq.(3.41) at large r describes an outgoing wave with the
flux normalized to pc, while its expansion at small r reads as
g(r) = i ξ pcr +
1
ξ
{1− 2pcrλ [log(2pcr) + 2γE − 1 + Reψ(i λ)]}+O(r2 log r) , (3.42)
where γE ≈ 0.5772 is the Euler constant, ψ(z) = Γ′(z)/Γ(z) is the logarithmic derivative
of the Gamma function, and ξ is introduced for notational simplicity as
ξ =
[
2πλ
1− exp(−2πλ)
]1/2
, (3.43)
so that ξ2 is the well known Sommerfeld factor for the Coulomb attraction.
As it can be seen from Eq.(3.42) the derivative of the real part of the wave function
g(r) has a logarithmic singularity at r → 0. Therefore in the matching conditions the
distance r0 in this logarithmic term should be kept finite, while in the rest of the terms it
can still be replaced by zero. The coefficient b1 is then readily found from the matching
conditions as
b1 = −ξ κ0 + ipn
κ0 − 2mα [log(2pcr0) + 2γE +Reψ(i λ)] + ipcξ2 . (3.44)
The final expression for the ratio Rc/n with a purely isovector source is thus given by
Rc/n =
pc
pn
2πmα/pc
1− exp(−2πmα/pc) × (3.45)
κ20 + p
2
n
{κ0 − 2mα [log(2pcr0) + 2γE +Reψ(imα/pc)]}2 + p2c (2πmα/pc)2/[1 − exp(−2πmα/pc)]2
.
The discussed treatment can be readily adapted for the case of an isoscalar source
of the heavy meson pairs. Indeed, in this case it is the isovector wave function φ1
which satisfies at r < r0 the Schro¨dinger equation without source, so that the isovector
combination φc−φn of the wave functions in the two channels, describing at r > r0 the
outgoing waves,
φc(r) = b0 g(r) , φn(r) = exp(ipnr) , (3.46)
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has to satisfy at r = r0 the second boundary condition in Eq.(3.33). Using the explicit
expression (3.42) for the Coulomb modified wave function, one then readily finds
b0 = ξ
κ1 + ipn
κ1 − 2mα [log(2pcr0) + 2γE +Reψ(i λ)] + ipcξ2 (3.47)
and, accordingly, the ratio Rc/n is given by the same expression as in Eq.(3.45) with κ0
replaced by κ1.
The expressions (3.44) and (3.47) are valid to all orders in the isotopic mass dif-
ference, i.e. the difference between pc and pn at a given energy, and in the Coulomb
interaction between the charged mesons. It can be mentioned that in the limit of a
perfect isotopic symmetry (pc = pn and α→ 0) one finds b1 = −1, b0 = 1 and Rc/n = 1
in both cases. If the isotopic mass difference is nonzero, but in the limit, where there is
no strong interaction (formally corresponding to a zero scattering length, i.e. κ → ∞)
the usual phase space ratio Rc/n = pc/pn is recovered, provided that the Coulomb in-
teraction is neglected. If the Coulomb attraction is accounted for in this limit, one
recovers the well known Sommerfeld factor for the Coulomb enhancement of the pro-
duction rate. At finite κ0 the first order term of expansion of the expression (3.45) in
the isotopic mass difference and in α matches the previously known formula [37], if the
relation (3.36) for the phase shifts δ0,1 in terms of κ0,1 is also used. Furthermore, in
the discussed here approach it is quite natural that the isospin-violating effects in the
ratio Rc/n for production by an isotopically pure source, i.e. with either I = 0 or I = 1,
are influenced by the strong interaction in the orthogonal isospin channel, i.e. I = 1 or
I = 0, respectively. This property, found in the first-order treatment [36, 37], persists
in all orders in the discussed isospin breaking terms, and can be used for studying the
strong interaction between the heavy mesons in the isotopic states that may not be
readily accessible [37].
It is instructive to illustrate the significance of the discussed effects in Rc/n with
numerical estimates. We present here such estimates for the case of the charmed meson
pairs produced in the processes e+e− → π0 + D∗D¯∗ and e+e− → π0 + (DD¯∗ + c.c.).
In these reactions the heavy meson pair is produced in the I = 1 state, so that the
charged-to-neutral yield ratio is determined by the strong interaction parameters κ0
and r0 according to the relation (3.45). In fact the dependence in Eq.(3.45) on the
effective radius r0 is very weak as long as r0 is much smaller than the ‘Bohr radius’ for
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the system of D(∗) mesons: r0 ≪ 1/mα ≈ 27 fm, which is certainly the case. For this
reason we fix r0 at 1 fm, and make estimates for a ‘reasonable’ range of values for the
parameter κ0, which is presently totally unknown, and which is generally different for
D∗D¯∗ and DD¯∗ systems. The resulting behavior of the ratio Rc/n near the threshold
for D∗D¯∗ is shown in Figure 3.4.
4020 4025 4030 4035 4040
MHD*+D*-L HMeVL0.0
0.2
0.4
0.6
0.8
1.0
1.2
Rcn
Figure 3.4: The charged-to-neutral yield ratio Rc/n for the D∗D¯∗ pairs produced in
e+e− → π0D∗D¯∗ near the threshold. The plots are calculated using Eq.(3.45) with
r0 = 1 fm and a set of different values of κ0: -100MeV (solid), 100MeV (dashed),
200MeV (dot-dashed). The dotted curve is for the limit of no strong interaction between
the mesons, formally corresponding to κ0 →∞.
The most characteristic feature, as readily seen from the plots, is that the ratio Rc/n
does not go to zero at exactly the threshold in the invariant mass of the meson pair 6 ,
but rather starts with a finite step. The particular value of Rc/n at this point depends
on κ0 as illustrated in Figure 3.5, and also weakly depends on the radius r0, which is
fixed at r0 = 1 fm in Figure 3.5. One can readily see that the behavior of the starting
threshold values of Rc/n for the two types of the charmed meson pairs is very close.
Thus any experimental measured significant difference of these values would reveal a
6 Clearly, this essentially due to the fact that the product pcξ
2 at pc → 0 approaches a finite value
2pimα ≈ 45MeV, which is not small in comparison with the momentum of the neutral pair pn at the
same invariant mass (e.g. pn ≈ 115MeV for D
∗0D¯∗0 at the threshold of D∗+D∗−).
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Figure 3.5: The dependence on κ0 of the value of R
c/n at exactly the threshold for
D∗+D∗− (solid) and for D+D∗− (D−D∗+) (dashed).
dissimilarity in the strong interaction scattering between the isoscalar channels DD¯∗
and D∗D¯∗ with the quantum numbers JPC = 1+−.
To summarize the current section, we have considered the interplay between the
isospin violating mass differences, the Coulomb interaction and the strong scattering
in the threshold behavior of the charged-to-neutral yield ratio Rc/n for the S-wave
production of overall neutral pairs of heavy D(∗) or B(∗) mesons. The expressions (3.44),
(3.47) and (3.45) for this behavior take into account all orders in the mass differences and
in the Coulomb interaction and are derived in the limit where the strong scattering of
heavy mesons can be described by the scattering lengths in the isoscalar and isovector
channels, which description is appropriate for the near-threshold behavior in the S
wave. The considered here production processes can be observed experimentally in the
reactions such as e+e− → π0D∗D¯(∗) and e+e− → γ D(∗)D¯(∗), a study of which appears
to be well within the capabilities of the current BESIII experiment. In particular we
find that the onset of the yield of pairs of charged mesons starts with a finite step at
the threshold. The height of the step is sensitive to a strong scattering length, and its
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measurement can be used as a probe of strong interaction between the heavy mesons.
Indeed, if one finds the magnitude of κ0 is small, e.g. |κ0| ≪ 200 MeV, it means that
it has a large scattering length. This is a clear signature of the existence of resonant
structure at I = 0 channel, even though it is not directly probed in the experiment7 .
Furthermore, the nature of the resonance is unambiguously determined by the sign of
κ0 [40]. Explicitly, with small |κ0|, if κ0 > 0, then it is a shallow bound state, otherwise
it is a virtual state. During the writing of dissertation, a recent measurement in the
process e+e− → π0D∗D¯ was published by BESIII[41]. The data clearly indicate the
ratio Rc/n starts at a finite step. The careful analysis of the data can be done in future.
3.4 Summary
In this chapter, we have studied the interesting properties of strong interaction near
the threshold of heavy mesons pairs. The mixing with the heavy meson pairs will
introduce enhanced HQSS breaking. The method used in section 3.1 to derive heavy
quark spin structure is also very useful in other context. We will see it used in next
chapter to elucidate the consequence of HQSS. It is general expected that the pion
exchange interaction will dominate other complicated short-distance interaction near
the threshold region. This long-distance pion exchange is calculable, which results in
an enhanced partial wave mixing as discussed in section 3.2. In a recent paper [42], its
effect to line shape of near threshold resonance is discussed. It is now clear that this
pion exchange should be taken into account carefully when we are dealing with strong
interaction near the threshold region. The isospin violation discussed in section 3.3
provides a model-independent way to analyze the strong dynamics between the heavy
mesons near the threshold. All the complicated strong interaction at small distance is
encoded in the parameters such as κ0,1, which can be extracted from experiments. This
approach is very helpful to discern the nature of a number of resonances discovered near
the threshold region of heavy mesons. It is complementary to the model interpretations
of those exotic resonances. In next chapter, we will study those resonances directly and
focus on explaining the nature or internal dynamics of the quarkonium-like states.
7 recall that the parameter κ0 can be extracted from the experimental data that is produced by
I = 1 source
Chapter 4
Exotic Heavy Quarkonium-like
Resonances
The heavy quarkonium is the bound state of a heavy quark and a heavy anti-quark.
The gross features of quarkonium energy levels, namely its spectroscopy, can be well
understood within the framework of the non-relativistic potential model, e.g., the Cor-
nell model [43]. However, recent experiments have discovered a series of resonances
that couple to the known quarkonium states but their properties are unexpected from
the conventional picture of quarkonium. These resonances are named as heavy exotic
mesons or quarkonium-like states. The comprehensive review of those exotic heavy
quarkonium-like states is not attempted here, instead some simple examples are used
to show their unexpected properties. One can find a comprehensive review in Ref. [4],
or more recently and shorter review in Ref. [44].
The exotic resonance states are usually observed above the open heavy flavor thresh-
old whose properties can not be explained by the conventional picture that the non-
relativistic heavy quark and anti-quark pair QQ¯ interact with each other through some
potential. Extra degrees of freedom must play an active role. For example, in the decay
of X(3872), the strong isospin violation is observed [9]
Γ(X(3872) → J/ψω → J/ψπ+π−π0)
Γ(X(3872) → J/ψπ+π−) = 0.8± 0.3 (4.1)
Clearly, the above two transitions have different G parity since G(ω) = −1 while
G(π+π−) = +1. Thus, the X(3872) is not in a definite isospin state, which can not
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be explained in a conventional quarkonium picture whose quantum number is always
IG = 0+. Another more straightforward example mentioned at the beginning of the
previous chapter is the discovery of charged quarkonium-like states, e.g.,
Zb(10610)
± → Υ(1S)π±, Zc(3900)± → J/ψπ± (4.2)
Those states decaying to quarkonium contain a hidden QQ¯ inside, but they are charged,
thus the additional valence quarks are needed and they can not be a pure QQ¯ state. A
third surprising property from those states is enhanced HQSS breaking. From Table 3.1,
each quarkonium state is in a definite heavy quark spin state. The transition between
different heavy quark spin state is suppressed. However, the apparent breaking of HQSS
is observed, e.g.
Γ(Zb(10610)
± → Υ(2S)π±)
Γ(Zb(10610)± → hb(1P )π±) ∼ 1.6 (4.3)
For the last example of the unusual property from the exotic state, let’s consider the
relative strength of two types of decays. For the quarkonium state above the heavy
meson pairs, it can decay into a pair of meson and anti-meson as well as decay into a
lower quarkonium state. With a higher excited QQ¯ state, the conventional wisdom tells
us it prefer to decay into a pair of meson and anti-meson. This is indeed the case for
the well-established quarkonium states, e.g. ψ(3770), but not the case for certain exotic
resonance, e.g. Y (4260). The difference is enormous as shown in data [9, 27].
Γ(Y (4260) → DD¯)
Γ(Y (4260)→ J/ψπ+π−) < 4.0,
Γ(ψ(3770) → DD¯)
Γ(ψ(3770) → J/ψπ+π−) ≈ 400 (4.4)
I hope now the word “exotic” is fully justified. This chapter is devoted to explain
some aspects of those exotic resonances. The nature of Zb(10610) and Zb(10650) is
discussed in section 4.1. The calculation based on the hadronic molecule picture agrees
very well with experimental data as illustrated in section 4.1.1. In section 4.1.2, besides
their decay to lower bottomonium state with emission of pion, other decay channels are
pointed out. It can be studied with the available data of the transition Υ(5S)→ πππχb.
The mystery of Y (4260) and Y (4360) is studied in section 4.2. In addition to the
puzzling preferred decay to lower charmonium state, i.e., Eq.(4.4), the enhanced HQSS
breaking similar to Eq.(4.3) is also observed in new experiments for both two states.
Two interpretations are compared and discussed. X(3915) recently identified as χc0(2P )
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state by particle data group (PDG) based on the spin-parity assignment JP = 0+ is
actually difficult to interpret as a conventional charmonium state. We argue in section
4.3 that X(3915) may be a bound state of a DsD¯s meson pair, which explains the
peculiarity of the experimental data about X(3915). The last section 4.4 discusses a
conventional explanation of an unusual peak near center of mass energy 4230 MeV in the
process e+e− → χc0ω. We argue that the “unexpected” property of the experimental
data can be explained by a conventional quarkonium state ψ(4160).
4.1 Zb(10610) and Zb(10650)
The isovector ‘twin’ resonances Zb = Zb(10610) and Z
′
b = Zb(10650), found by the
Belle Collaboration [12] near the respective thresholds B∗B¯ and B∗B¯∗, are naturally
interpreted [20, 22, 48] as molecular states made of the heavy meson-antimeson pairs.
Each of the two new resonances is observed through the decay to either Υ(nS)π with
n = 1, 2, or 3, or to hb(kP )π with k = 1 or 2. Moreover, the decays to the states of ortho-
and para- bottomonium are found to have comparable strength with no suppression of
either of them by HQSS. This behavior is natural within the interpretation of the Zb
resonances as being molecular S-wave states of the heavy mesons: Zb ∼ B∗B¯ − B¯∗B
and Z ′b ∼ B∗B¯∗, since the total spin of the bb¯ quark pair within a meson system is not
fixed [20]. We can apply the similar heavy quark spin decomposition to this situation
and obtain the spin structure as follows.
Zb ∼ B∗B¯ − B¯∗B ∼ 1H ⊗ 0SL + 0H ⊗ 1SL (4.5)
Z ′b ∼ B∗B¯∗ ∼ 1H ⊗ 0SL − 0H ⊗ 1SL (4.6)
Therefore, Zb or Z
′
b decays to different heavy quark spin states with comparable prob-
ability. In this section, we will study the properties of Zb resonances in the molecular
picture. Its decay to lower bottomonium states are calculated and its contribution to
the process in Υ(5S)→ πππχb is pointed out. The discussion is based on Ref. [45, 46].
4.1.1 Decay to Bottomonium plus Pion
Although at present the type of the threshold singularity in the heavy meson - antimeson
channel (bound, virtual, or resonant state) corresponding to the Zb peaks is not known,
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it appears clear that the Zb peaks result from a strong dynamics of very slowly moving
mesons near the threshold. The general picture implied by molecular assumption is
that the heavy b and b¯ quarks at the Zb resonances are moving at distances longer than
the characteristic size of bottomonium, which is also in a qualitative agreement with
the available data [47] on the yield of different radial excitations of bottomonium in the
decays of these resonances to Υ(nS)π and hb(kP )π. Namely, the yield does not diminish
with the number of excitation in spite of kinematical suppression for production of
heavier states. This implies, at a qualitative level, that the overlap of the bottomonium
states with a widely separated heavy quark pair in the initial state increases with the
excitation number due to larger spatial size of the excited states.
In this subsection, we calculate the relative rates of decay of the Zb resonances to
various radial excitations of bottomonium with emission of light mesons, and thus to
quantify the theoretical estimates of the relative strength of the observed transitions
Z
(′)
b → Υ(nS)π and Z(
′)
b → hb(kP )π. We assume that the bottomonium bb¯ system in
the final state is pure color singlet and is sufficiently compact, so that its interaction
with soft gluon field can be considered within the multipole expansion in QCD [11, 10]
with the leading term being the chromo-electric dipole. The transition of the heavy bb¯
pair from the initial ‘molecular’ state to bottomonium is due to this interaction at short
distances whose scale is set by the bottomonium size, while the (soft) gluon field induces
the transition of the light quark-antiquark-gluon components of the initial ‘molecule’ to
the light hadron(s) in the final state. In this picture the specific form of the heavy bb¯
‘overlap’ amplitude is set by the wave function of the initial state, the chromo-electric
dipole interaction, and the wave function of the bottomonium state. Therefore, given a
model for the latter wave function for various radial excitations, one can evaluate the
relative strength of the transitions to those excitated states of bottomonium. In our
estimates in this section we use the simple model with the Cornell potential [43]. As for
the initial state wave function of the bb¯ pair we use the short-distance part of that for
a slowly moving pair. Moreover, the chromo-electric interaction links the color singlet
finite state to a color-octet initial bb¯ pair. Clearly, such state is present in a molecular
heavy meson-antimeson system. Indeed, in the colorless B or B∗ mesons the color of
the b quark is correlated with the color of the light antiquark. Then in a well separated
meson-antimeson system the color of b¯ in the meson is fully uncorrelated with that of b
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in the antimeson, so that a color-octet bb¯ pair is present with the statistical weight 8/9
and the statistical weight of a colorless bb¯ state is 1/9. At short distances there is a weak
(Coulomb-like) repulsion between b and b¯ in the color octet state. Although suppressed
by the color factor 1/(N2c − 1) = 1/8 the effect of this repulsion is noticeable at a
small momentum of the heavy quarks, and we take it into account. Furthermore, it is
important for the discussed approach that, even though the orbital angular momentum
of the heavy mesons in a molecular system can be fixed (S wave in the Zb resonances),
the orbital angular momentum of the bb¯ pair in such system is generally not fixed [20, 21]
due to the motion inside the mesons. Thus the chromo-electric dipole transitions to the
S-wave Υ(nS) of bottomonium proceed from the P -wave state of the initial bb¯ pair,
while those transitions to the P -wave hb(kP ) levels are dominantly from the initial bb¯
S-wave pair, since the wave function for a D-wave is suppressed at short distances.
In the calculation in this section we use the Hamiltonian for the chromo-electric
dipole interaction in the form
HE1 = −1
2
ξa ~r · ~Ea(0) , (4.7)
where ξa = ta1 − ta2 is the difference of the color generators acting on the quark and
antiquark (e.g. ta1 = λ
a/2 with λa being the Gell-Mann matrices), ~r is the vector for
relative position of the heavy quark and the antiquark. Finally, ~E is the chromo-electric
gluon field strength. We therefore write the amplitudes of the discussed decays in the
form
〈Υ(nS)π|HE1|Zb〉 = CS AnS Eπ (~Z · ~Υ)
〈hb(kP )π|HE1|Zb〉 = CP AkP
(
~pπ · [~Z × ~h]
)
, (4.8)
where Eπ (~pπ) is the pion energy (momentum), ~Z, ~Υ, and ~h are the polarization ampli-
tudes of the initial and final resonances, and CS , CP are constants that do not depend
on the excitation number of the final state, while this dependence is contained in the
amplitudes AnS and AkP describing the overlap integrals with the dipole interaction
(4.7):
AnS =
∫
RnS(r) r R
(8)
P (r) r
2 dr , (4.9)
AkP =
∫
RkP (r) r R
(8)
S (r) r
2 dr . (4.10)
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In the latter expressions RnS (RkP ) are the radial wave functions of the bottomonium
S (P ) wave states and R
(8)
S (R
(8)
P ) are the radial wave functions of the color-octet bb¯
pair at small momentum above the threshold in the corresponding partial wave.
It can be noted that the constants CS and CP encode the information about the
amplitudes for the bb¯ pair to be in the corresponding color and orbital state as well
as the amplitude for the conversion by the gluon operator ~E of the initial light quark-
antiquark-gluon ‘environment’ into the final pion. Clearly, these constants are beyond
present theoretical control, and for this reason it is not possible within the present
approach to establish a quantitative relation between transitions to S- and P -wave
states of bottomonium. The only guidance on the behavior of the light-hadron part of
the amplitudes in Eq.(4.8) is provided by the soft-pion properties, which mandate the
factor Eπ in the transitions to Υ(nS) and the factor ~pπ in the transitions to hb(kP ) [20].
Once these factors are accounted for as in Eq.(4.8), all the dependence on the excitation
number of the specific final bottomonium state is contained in the overlap integrals (4.9)
and (4.10).
In order to evaluate the latter overlap integrals we use the potential model of heavy
quarkonium with the Cornell potential [43]
V = −κ
r
+
r
a2
(4.11)
with κ = 0.52 and a = 2.34GeV−1, and calculate numerically the eigenfunctions RnS
and RkP (we also set mb = 5GeV). We further consider the relative momentum q of
the b and b¯ quarks in the initial state as small. In the limit, where the Coulomb-like
repulsion in the octet state is neglected, in the limit of small q the radial function in
the S-wave state can be considered as constant R
(8)
S (r) ≈ const, while that in the P can
be set as proportional to r: R
(8)
P (r) ≈ const r. (Clearly, the overall normalization of
these functions is not important for calculation of the ratios of the amplitudes AnS with
different n and the ratios of AkP with k = 1 and 2.) In what follows we consider the
modification of the overlap integrals in Eqs. (4.9) and (4.10) by the short-dsitance effect
of the Coulomb-like repulsion between b and b¯ in the color octet state. This repulsion
is described by the potential
V8(r) =
κ8
r
, (4.12)
and we use in our estimates the value of the coefficient κ8 related to that in the color
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singlet (Eq.(4.11)) as in a one gluon exchange: κ8 = κ/8 = 0.065.
One point related to the Coulomb-like repulsion that can be mentioned is that if the
potential (4.12) was applicable at all distances then the continuum wave functions would
vanish in the limit q → 0 at any finite r due to impenetrability (from long distances) of
the Coulomb barrier at zero energy. However neither the expression (4.12) is applicable
at long distances, nor the momentum q is set to be literally zero. At longer distances
the motion in the molecular state is described by that of heavy mesons, rather than
individual heavy quarks, and also the typical values of q in the considered problem are
small but finite and are set by the inverse size of the molecule. The overlap integrals are
determined by the behavior of the wave function of the bb¯ quark pair at short distances,
i.e. at the characteristic size of bottomonium. At these distances the r dependence of
the small-momentum wave function can still be calculated in the potential (4.12), while
the normalization of the wave function is determined by the long-range modification of
the interaction (4.12). Since the normalization of the functions cancels in the discussed
here ratios of the amplitudes, one can use in a calculation of the integrals in Eqs. (4.9)
and (4.10) either the small momentum limit of the continuum wave functions in terms
of their short-distance expansion:
R
(8)
S = 1 +
κ8mb
2
r +O(r2) , R
(8)
P = r
[
1 +
κ8mb
4
r +O(r2)
]
, (4.13)
or introduce a small but finite q, and use the exact Coulomb functions (see e.g. in the
textbook [?])
R
(8)
S = const e
iqr
1F1
(
1 + i
mb κ8
2q
; 2;−2i q r
)
, R
(8)
P = const r e
iqr
1F1
(
2 + i
mb κ8
2q
; 4;−2i q r
)
(4.14)
with 1F1(a; b; z) being the Kummer confluent hypergeometric function. We apply both
approaches and find that they result in similar estimates of the ratios of the considered
overlap amplitudes. In particular we find that these ratios only weakly depend on q at
q < 200MeV.
The numerical results of our calculation and the experimental data are presented in
the Tables 4.1 and 4.2. One can readily see that our estimates are within the range al-
lowed by the current data. It is clear however, that there is much room for improvement
of the data as well as for refinement of the theoretical approach. In particular, on the
theoretical side, the specific numbers are fully dependent on the model wave functions
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Table 4.1: Ratios of decay rates for Zb(10610)
Ratio κ8 = 0 Eqs. (4.13) Eqs. (4.14), q = 0÷ 0.2GeV Experiment [47]
Γ[Zb→Υ(1S)π]
Γ[Zb→Υ(2S)π] 0.11 0.09 0.10 ÷ 0.11 0.073 ± 0.029
Γ[Zb→Υ(3S)π]
Γ[Zb→Υ(2S)π] 0.62 0.74 0.70 ÷ 0.60 0.49± 0.19
Γ[Zb→hb(2P )π]
Γ[Zb→hb(1P )π] 0.58 0.78 0.72 ÷ 0.63 1.54± 0.95
Table 4.2: Ratios of decay rates for Zb(10650)
Ratio κ8 = 0 Eqs. (4.13) Eqs. (4.14), q = 0÷ 0.2GeV Experiment [47]
Γ[Z′b→Υ(1S)π]
Γ[Z′b→Υ(2S)π]
0.10 0.08 0.09 ÷ 0.10 0.10± 0.04
Γ[Z′b→Υ(3S)π]
Γ[Z′b→Υ(2S)π]
0.86 1.02 0.97 ÷ 0.83 0.68± 0.24
Γ[Z′b→hb(2P )π]
Γ[Z′b→hb(1P )π]
0.73 0.99 0.91 ÷ 0.80 1.99± 1.11
for the bottomonium states and on a general picture of the motion in a near threshold
‘molecule’. Once more precise data might become available this may contribute to a
better understanding of the structure of both bottomonium and of the molecular states
of heavy mesons. Also, in our estimates we used a soft-pion approximation, and ignored
any effects of a possible form factor depending on the momentum of the pion, which
effects can be especially significant in the transitions to the final state Υ(1S)π. Such
effects may arise from the unknown at present amplitude of the conversion of the light
component of the meson-antimeson pair to pion (in the factors CS and CP ) as well as
from the recoil factors in the dipole matrix elements AnS and AkP . The recoil factor
is in fact determined by the process of conversion, namely by the fraction of the pion
momentum transferred to individual heavy quark or antiquark as opposed to the recoil
against the pair bb¯ as a whole. (This is different from e.g. a photon emission, where
the entire photon momentum is transferred to an individual quark or antiquark.) We
are not aware at present of a proper way of including and estimating these momentum-
dependent factors, and for this reason we chose to neglect these altogether. The fact
that our numerical result for the relative yield of Υ(1S)π is in a reasonable agreement
with the data appears to indicate that the form factor effect should not be dramatic.
One can also readily notice that our estimates for the yield of hb(2P ) relative to that of
hb(1P ) are about twice smaller than the central values of the experimental data and the
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agreement is only due to the currently large experimental uncertainty. If future more
precise data would change this to a meaningful disagreement, this could possibly indi-
cate an enhanced contribution of dipole transitions to the P -wave bottomonium from a
continuum D-wave of the color-octet bb¯ pair.
4.1.2 Contribution to Υ(5S)→ pipipiχb
The recent results [49] of analysis of the Belle data on the decays of the Υ(5S) bottomo-
nium resonance to π+π−π0χbJ with J = 1, 2 present an observation of the hadronic
transitions with emission of the ω resonance: Υ(5S)→ ωχbJ . However the data also re-
veal a significant non-ω background in the invariant mass distribution of the three pions,
which distribution is enhanced at the higher end of the spectrum around 0.9GeV. We
suggest here that the non-ω part of the process may be in fact due to the contribution
of the bottomonium-like isovector Zb and Z
′
b resonances through the cascade transitions
Υ(5S) → πZ(′)b → πρχbJ , naturally resulting in the enhancement in the three-pion in-
variant mass spectrum around 0.9GeV, although the presence of the Zb resonances can
be better studied by, say the energy distribution of a single pion.
As seen in the previous subsection, the Z
(′)
b resonances can be well understood in as
a S-wave molecule state of the heavy meson pair. In such molecular states the spins of
the heavy quark and antiquark are not correlated with each other, but rather with the
spins of the light (anti)quark in the heavy meson. As a result, the resonances Zb and
Z ′b are (orthogonal) mixed states with respect to the total spin of the bb¯ quark pair:
Zb ∼ 1−H ⊗ 0−SL + 0−H ⊗ 1−SL , Z ′b ∼ 1−H ⊗ 0−SL − 0−H ⊗ 1−SL , (4.15)
The quantum numbers and the heavy quark spin structure of the Z
(′)
b states suggest
that besides the observed single pion transitions to the lower bottomonium states there
should exist [20] similar transitions with emission of two pions: Z
(′)
b → ρηb(1S) →
ππηb(1S) and Z
(′)
b → ρχbJ(1P ) → ππχbJ(1P ). In most of the latter transitions to
the χbJ(1P ) levels the energy is slightly below the nominal mass of the ρ meson [ex-
cept for the transition Z ′b → ρχb0(1P )], but the resulting kinematical suppression is
not very strong due to large width of the ρ resonance. Clearly, the latter transitions
would contribute to the observed signal for the decay Υ(5S)→ πππχbJ (1P ) as a non-ω
background.
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In the limit of HQSS all six transitions from both Zb and Z
′
b resonances to the three
χbJ levels proceed due to the part of the spin wave function (4.15) containing the 1
−
H
component, and their amplitudes A(Z
(′)
b → ρχbJ) can be described by one coupling gρ:
A(Z
(′)
b → ρχbJ) = gρ
(
Zai + Z
a
i
′) qj ρak
[
1√
3
ǫijk χ
(0) +
1√
2
(
δij χ
(1)
k − δik χ(1)j
)
+ ǫjkl χ
(2)
il
]
,
(4.16)
where a is the isotopic triplet index, ~q is the momentum of the ρ meson, ~Z, ~Z ′ and ~ρ are
the polarization amplitudes of respectively the Zb, Z
′
b and ρ resonances, and χ
(0), χ
(1)
i
and χ
(2)
ij stand for the amplitudes of the final χbJ states with respectively J = 0, 1 and
2. The latter amplitudes are assumed to be normalized to the number of polarization
states: χ(0)χ(0)∗ = 1, χ(1)i χ
(1)∗
i = 3, χ
(2)
ij χ
(2)∗
ij = 5, and the spin-2 amplitude χ
(2)
ij is
symmetric and traceless.
It can be noted that the equal coupling of the Zb and Z
′
b resonances in Eq.(4.16)
is also a consequence of HQSS, since these resonances become degenerate in the limit
where the interaction due to the heavy quark spin is turned off. This assumption is
known to be in a reasonable agreement (within the current experimental uncertainty)
with the available data [12] on the relative strength of the Zb and Z
′
b peaks in the
channels πΥ(nS) and πhb(kP ).
We also emphasize here that an application of HQSS to the discussed transitions
from the Z
(′)
b states has a quite different status than in the case of the decays from
Υ(5S), where, e.g. in the decays Υ(5S) → ωχbJ the measured [49] yield of χb1 is
approximately three times larger than of χb2, while a straightforward application of
HQSS and treating Υ(5S) as a pure bb¯ quarkonium would imply that relative yield
should be 3:5 (i.e. proportional to the number of spin states for χbJ), modulo minor
kinematical corrections. However there are reasons to conclude [23] that the resonance
Υ(5S) is a more complicated object, likely due to a mixing with states of heavy meson
pairs, whose thresholds are close to its mass. In particular the reported [12] presence
of the f2(1270) tensor resonance in the dipion channel in the decay Υ(5S)→ ππΥ(1S)
is likely an indicator of the presence of in the Υ(5S) of a state with light degrees of
freedom, denoted in Ref. [23] as ψ12, where the heavy bb¯ pair has total spin one, while the
light degrees of freedom are in a JPC = 2++ state. For the decay of such state to ωχbJ ,
the HQSS would predict the ratio of the rates for χb0 : χb1 : χb2 = 15 : 20 : 1. Clearly,
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the experimentally observed [49] ratio of χb1 : χb2 can well be a result of a combined
effect of the pure bb¯ and ψ12 components of the Υ(5S). The situation is different for the
Z
(′)
b resonances. Their quantum numbers limit the possible internal spin structures to
only those included in Eq.(4.15) and it is only the part containing 1−H that, according
to HQSS, gives rise to transitions to the spin-triplet quarkonium levels, including the
decays to ρχbJ . It can also be mentioned that this spin structure of the Z
(′)
b resonances
requires the statistical weight enhancement 5:3 for the yield of the χb2 state relative
to that of the χb1 which appears to agree with the data indicating a somewhat larger
non-ω background in the decays to J = 2 state as compared to J = 1, i.e. in a strong
variance with the ratio for the resonant ω yield.
The contribution of the Z
(′)
b resonances to the decays of the Υ(5S) depend on the
coupling f in the amplitude of the decay Υ(5S)→ πZb, which amplitude has the form
A[Υ(5S)→ πZ(′)b ] = f
[
~Υ ·
(
~Zab +
~Zab
′)]
πaEπ , (4.17)
where the factor of the pion energy, Eπ, is mandated by the chiral properties of soft
pions. In order to avoid the uncertainty related to the absolute value of this coupling f ,
we consider the ratio of the rate for the cascade decay Υ(5S) → πZ(′)b → πρχbJ to the
known one for the process Υ(5S) → πZ(′)b → ππhb(1P ), in which ratio the coupling f
cancels. Instead, this ratio depends on the relation between the constant gρ in Eq.(4.16)
and a similar constant gπ describing the transitions Z
(′)
b → πhb(1P ) whose amplitude
can be written as
A[Z
(′)
b → πhb(1P )] = gπ ǫijk
(
Zai − Zai ′
)
pj hkπ
a , (4.18)
where ~h is the polarization amplitude of the hb(1P ) bottomonium and ~p stands in this
case for the pion momentum. [It can be noticed that the relative sign between the
amplitudes for the Zb and Z
′
b resonances in the transitions involving spin-singlet bb¯ pair
in Eq.(4.18) is opposite to that for the transitions between spin-triplet states as in the
amplitudes (4.16) and (4.17).]
Moreover, it is the ratio of the constants gρ/gπ that can be of a particular interest.
Indeed, in the HQSS limit the spin-singlet bottomonium hb(1P ) and the spin-triplet
states χbJ(1P ) are described by the same spatial wave function. Therefore this ratio of
the constants is determined by the relation between the wave functions for the triplet
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and the singlet in the spin of the bb¯ pair parts of the Z
(′)
b resonances in Eq.(4.15) and the
relation between the amplitudes for conversion of the 0−SL and 1
−
SL light quark states into
respectively ρ or a pion in the discussed hadronic transitions. The numerical estimates,
to be discussed further, suggest a tantalizing possibility of the constants gρ and gπ
being (approximately) equal. At present we can offer no a priori motivation for such an
equality to hold, however should it be established experimentally, it may indicate some
kind of symmetry in the dynamics of the molecular states.
For the purpose of our numerical estimates we treat the ρ meson as a simple Breit-
Wigner resonance with fixed width Γρ ≈ 150MeV, thus neglecting the variation of its
width parameter at the invariant mass of the ππ pair, q2, being not equal to the nominal
value of m2ρ. As is well known, such variation is process dependent, and, if required,
can be studied and taken into account when (and if) more detailed data on the process
Υ(5S)→ π+π−π0χbJ become available. We also note that the three terms arising in the
amplitude from the isotopic permutation of the pion emerging from the first transition in
the cascade, Υ(5S)→ πZ(′)b , with one of the pions emerging from the ρ resonance do not
interfere in the total rate. This is due to that the pion in the first transition is emitted in
the S-wave in the rest frame of the bottomonium [cf. Eq.(4.17)], while each of the pions
from the decay of the ρ resonance is in the P wave in this frame, when the ρ emission
is described by the amplitude in Eq.(4.16). After these preliminary remarks we write
the expression for the ratio of the rates for the processes Υ(5S)→ πZ(′)b → π+π−π0χbJ
and Υ(5S)→ πZ(′)b → π+π−hb as follows
Γ[Υ(5S)→ πZ(′)b → π+π−π0χbJ ]
Γ[Υ(5S)→ πZ(′)b → π+π−hb]
=
2J + 1
2
|gρ|2
|gπ|2
Iρ
Iπ
, (4.19)
where the phase space integrals Iρ and Iπ are given by
Iρ =
∫
dEπ dq
2
π
∣∣∣∣ 1E1 − Eπ + iΓ1/2 +
1
E2 − Eπ + iΓ2/2
∣∣∣∣
2
E2π |~kπ| |~q|3
mρ Γρ
(q2 −m2ρ)2 +m2ρ Γ2ρ
(4.20)
and
Iπ =
∫
dEπ
∣∣∣∣ 1E1 − Eπ − iΓ1/2 −
1
E2 −Eπ + iΓ2/2
∣∣∣∣
2
E2π |~kπ| |~p|3 . (4.21)
Here the following notations are used: Γ1 and Γ2 are the widths of the Zb and Z
′
b
resonances, E1 and E2 are the corresponding resonance energies for the pion emitted in
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the Υ(5S) → πZ(′)b transition, E1 ≈ 258MeV, E2 ≈ 213MeV, Eπ is the energy of this
pion, and ~kπ is its momentum. Furthermore, q
2 is the squared invariant mass of the two
pions emerging from the ρ decay, and ~q is the spatial part of q, |~q|2 = (∆ − Eπ)2 − q2,
with ∆ being the total energy release in the transition from the initial Υ(5S) to the
final 1P state of bottomonium. Finally ~p in Eq.(4.21) is the momentum of the ‘second’
pion, i.e. of the one emitted in the transition Z
(′)
b → πhb. The kinematical boundaries
in the integral (4.20) are 4m2π < q
2 < (∆ − Eπ)2 for the (first) integration over q2 and
mπ < Eπ < (∆− 2mπ) for Eπ, while in the integral Iπ the integration limits are set by
mπ < Eπ < (∆−mπ) (although in practice both integrals are dominated by the values
of Eπ in the vicinity of the resonances at E1 and E2). It can be also pointed out that
the overall numerical factor in Eq.(4.19) corresponds to the normalization to the rate
of the dipion transition to hb(1P ) with only charged pions, for which rate the data are
available [12, 9] 1 . Moreover, unlike the dipion transitions from Υ(5S) to Υ(nS) levels,
which contain a nonresonant background not associated with the Zb and Z
′
b resonances,
the transitions to the hb states are exclusively given by the resonance contribution,
which is theoretically justified by the notion that the Z
(′)
b resonances provide the only
significant mechanism for the apparent HQSS breaking and which behavior is in a
very good agreement with the data [12]. Thus the relation (4.19) applies to only the
resonant process Υ(5S) → πZ(′)b → πππχbJ rather than to any additional nonresonant
background that may be present in Υ(5S)→ πππχbJ .
Using the value 10.865GeV for the central energy at which the Υ(5S) data are
collected by Belle, and also the current experimental central values of the widths for
the Z
(′)
b resonances, Γ1 = 18.6MeV and Γ2 = 11.5MeV, we estimate numerically:
Iπ ≈ 2.94GeV5, Iρ(χb0) ≈ 0.231GeV5 , Iρ(χb1) ≈ 0.152GeV5 and Iρ(χb2) ≈ 0.120GeV5 .
Therefore the relative yield of χb0 : χb1 : χb2 bottomonium states in the discussed cascade
process is estimated as
1 : 2.0 : 2.6 . (4.22)
1 The simple model for the ρ peak with q2 independent width, which we use in our estimates, can
be readily modified by replacing in Eq.(4.20) the constant Γρ with Γρ(q
2).
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In terms of the ratio of the rate to that of Υ(5S)→ π+π−hb(1P ) we find
Γ[Υ(5S)→ πZ(′)b → π+π−π0χb1]
Γ[Υ(5S)→ πZ(′)b → π+π−hb]
≈ 0.78 |gρ|
2
|gπ|2 ,
Γ[Υ(5S)→ πZ(′)b → π+π−π0χb2]
Γ[Υ(5S)→ πZ(′)b → π+π−hb]
≈ 0.10 |gρ|
2
|gπ|2 . (4.23)
The branching fraction for the decay Υ(5S) → π+π−hb is currently measured [9] as(
3.5+1.0−1.3
)× 10−3 which, using the estimates (4.23), results in the predictions
B[Υ(5S)→ πZ(′)b → π+π−π0 χb1] ≈
(
2.7+0.8−1.0
)× 10−4 |gρ|2|gπ|2 ,
B[Υ(5S)→ πZ(′)b → π+π−π0 χb2] ≈
(
3.5+1.0−1.3
)× 10−4 |gρ|2|gπ|2 . (4.24)
Experimentally the non-ω background in the Belle data [49] on the decays Υ(5S) →
π+π−π0 χbJ corresponds to the branching fraction of about 4×10−4 for χb1 and 7×10−4
for χb2 with an error in each value apparently amounting to between 2 and 3 units times
10−4.
The data [49], even though with a large uncertainty, suggest the possibility that the
contribution of the Zb and Z
′
b resonances can be close to what one would estimate from
Eq.(4.23) with |gρ| ≈ |gπ|. Such a relation could imply a spin independence not only for
the heavy quarks, but also (an approximate one) for the light ones, in the processes of
conversion of molecular states into a light meson and heavy quarkonium. In view of this
intriguing possibility it appears very interesting to study these processes in more detail.
In particular, the contribution of the Z
(′)
b states to the decays Υ(5S)→ π+π−π0χb(1P )
can be evaluated from the data by the distribution of the smallest of the energies of the
three pions in the decay, whose distribution should contain the resonance peaks at E1
and E2.
4.2 Y (4260) and Y (4360)
The charmonium-like resonances Y (4260) and Y (4360) in e+e− annihilation present a
considerable challenge for interpretation of their internal structure due to their unusual
decay properties. Namely these resonances were mostly observed through their pionic
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transitions to either J/ψ or ψ′ charmonium states: Y (4260) → J/ψππ [50, 51, 52, 53]
and Y (4360) → ψ′ππ [54, 55]. The most surprising feature of these resonances is
that, unlike for other known states above the open charm threshold, e.g. ψ(3770),
or ψ(4040), the decays to final states containing pairs of charmed mesons are not
dominant. Several models for the structure of Y (4260) have been discussed in the
literature: a cc¯g hybrid [57], a csc¯s¯ tetraquark [58], hadrocharmonium [10, 56], and,
more lately as an S-wave molecular system containing an excited D1(2420) meson and
a D meson [59]. Most recently the new results from the BESIII experiment have
added to the intrigue of the properties of the Y (4260) and Y (4360) resonances and
may in fact hold a clue to understanding the structure of these states. Namely, in
addition to the observation of isovector peaks Z±c (3900) [60] and Z
±
c (4025) [61] in
the decays Y (4260) → Zc(3900)π and Y (4260) → Zc(4025)π the BESIII collabora-
tion reported [62] an observation of production of the final state hcπ
+π− at both
√
s = 4.26GeV [σ(e+e− → hcπ+π−) = 41.0 ± 2.8 ± 4.7 pb] and
√
s = 4.36GeV
[σ(e+e− → hcπ+π−) = 52.3 ± 3.7 ± 9.2 pb], with a yield comparable to that of e.g
J/ψπ+π− at the peak of Y (4260): σ(e+e− → J/ψπ+π−) = 62.9 ± 1.9 ± 3.7 pb. The
latter behavior clearly implies a significant breaking of the HQSS. It may appear at first
that this behavior is reminiscent of the known production of the hb(1P ) and hb(2P ) [63]
bottomonium spin singlet states in the two-pion transitions from Υ(10890). In the
bottomonium case this apparent breaking of the heavy quark symmetry is entirely as-
sociated with the Zb(10610) and Zb(10650) isovector resonances [12] and the observed
properties of these transitions are in agreement with the molecular picture for the Zb
resonances. The data however indicate that for the charmonium-like resonances the
dominant contribution to the transitions to hcππ is continually spread over the phase
space, rather than being associated with an intermediate Zc resonance. Therefore one
has to explain these transitions either by a heavy quark symmetry breaking within the
Y (4260) and Y (4360) resonances, or in the mechanism for their decay.
In this section, two different interpretations of Y (4260) and Y (4360) states will be
discussed. The first one is hadronic molecule picture, which regards Y (4260) as S-wave
molecule state of D1(2420)D¯ meson pair, while the second one is hadrocharmonium
picture. In the end, we will argue the latter picture may be more credible. The main
content is based on Ref. [64, 65].
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4.2.1 Molecular Interpretation Weakened by HQSS
In the orbitally excited heavy Qq¯ mesons (D1(2420) and D2(2460) with Q = c and
B1(5721) and B2(5747) with Q = b) the light (anti)quark is in the state with the
quantum numbers JPSL = (3/2)
+. The HQSS thus requires that in their decay into
the ground state heavy mesons and a pion, e.g. D1(2420) → D∗π, D2(2460) → Dπ,
D2(2460) → D∗π, the pion is emitted in the D-wave. For this reason these excited
heavy mesons are relatively narrow, having the width of about 25MeV, unlike the other
pair of the orbitally excited mesons, where the light antiquark is in the JPSL = (1/2)
+
state, e.g. D0(2400) and D1(2430), whose widths are in the ballpark of 300MeV due to
similar decays with the pion emission in the S-wave [9]. The JP = (3/2)+ mesons can
be combined with the ground-state (anti)mesons in the S-wave to form pairs with the
quantum numbers JPC = 1−− matching those necessary for direct production in the
e+e− annihilation. This property has lead to the suggestion [66, 67, 68, 69] that the
observed in the e+e− resonance Y (4260) is a near-threshold S-wave bound ‘molecular’
state of (D1(2420)D¯ - c.c.) charmed meson pair. If correct, this picture would generally
imply, due to the HQSS, an existence of whole slew of similar threshold charmonium
states with either the D meson replaced by D∗ or the D1(2420) replaced by D2(2460).
Some of these charmonium-like states with JPC = 1−− should be directly observable as
resonances in the e+e− annihilation at the total energy (4.3 - 4.4)GeV, namely molecular
states of D2(2460)D¯
∗ and D1(2420)D¯∗. Moreover a similar ‘suite’ of bottomonium-like
molecular resonances would be expected in e+e− annihilation near 11.0GeV.
The purpose of this subsection is to show that in fact the production of the discussed
JPC = 1−− S-wave pairs with one orbitally excited (3/2)+ meson is forbidden by the
HQSS. This conclusion casts doubt on the interpretation of the resonance Y (4260) as
a D1D molecular state, since it effectively removes the important argument that being
an S-wave state it carries no significant threshold suppression for its yield in the e+e−
annihilation. Although, indeed there is no kinematical suppression, the production
amplitude is suppressed by the inverse of the heavy quark mass, which is the parameter
for breaking the HQSS. For the charmed quark one would generally expect the latter
suppression to amount to a factor of order 0.1, or stronger, in the rate. In view of
our result, an alternative interpretation of the structure of Y (4260) resonance, e.g. as
hadro-charmonium [10, 56], may be more credible.
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The claimed selection rule for production of the heavy meson pairs is strictly valid
in the limit of HQSS. Indeed, in this limit the spin of both the heavy quark and the
antiquark is strictly conserved. In other words, in the conversion of the heavy quark-
antiquark pair Q¯Q produced by the electromagnetic current into the final state of heavy
mesons the spin of the heavy quarks is not dynamical, and one can consider instead
spinless heavy quarks. Then the considered orbitally excited mesons have the quantum
numbers JPSL = (3/2)
+, and the ground-state heavy mesons have JPSL = (1/2)
−. The
electromagnetic current (Q¯γµQ) for slow heavy quarks has the nonrelatistic form Q¯σiQ
and couples only to the spin of the heavy quarks. Once the spin of the heavy quarks
is removed the equivalent operator generating the heavy quark pair is equivalent to a
unit operator (with the point-like spatial structure δ3(~r)) corresponding to the quantum
numbers JPC = 0++. Clearly, is is impossible to make the total spin 0 state out of an S-
wave pair of mesons with spin 3/2 and 1/2. Thus no S-wave state can be produced, and
this conclusion is valid for any combination of the polarizations of the mesons. In the
real situation, where the heavy quarks have spin, these polarization states combine with
the spin of the Q¯Q pair to form the discussed here three types of the meson-antimeson
pairs with JPC = 1−−. Thus no such pair can be produced in the S wave.
An alternative proof of our conclusion, where the spin of the heavy quarks is not
removed and is explicitly traced, goes as follows. A state of the heavy meson pair can
be decomposed [20, 23] in terms of the total spin of the Q¯Q pair, χH , and the total
angular momentum JSL of the rest (‘light’) degrees of freedom, where the latter includes
both the total spin of the light quark pair q¯ q and any orbital momentum. The states
with JPC = 1−− are generally a combination of four eigenstates of the operators ~χH
and ~JSL:
ψ10 = 1
−−
H ⊗ 0++L , ψ11 = 1−−H ⊗ 1++L , ψ12 = 1−−H ⊗ 2++L , and ψ01 = 0−+H ⊗ 1+−L .
(4.25)
Clearly, in the (3/2)+ mesons the light degrees of freedom carry angular moment 3/2,
while in the ground state mesons they carry the angular momentum 1/2. Thus combin-
ing two such mesons in the S-wave would never produce a state with JSL = 0, and the
component 1−−H ⊗ 0++SL should be absent in the decomposition of the meson pair states
in terms of χH ⊗ JSL eigenstates. This can be also readily verified by performing the
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transformation explicitly:
(D1D¯ − D¯1D) : 1
2
√
2
ψ11 +
√
5
2
√
2
ψ12 +
1
2
ψ01
(D1D¯
∗ − D¯1D∗) : 3
4
ψ11 −
√
5
4
ψ12 +
1
2
√
2
ψ01
(D2D¯
∗ − D¯2D∗) :
√
5
4
ψ11 +
1
4
ψ12 −
√
5
2
√
2
ψ01 (4.26)
(It can be noticed that the meson-pair wave functions and the functions ψij are assumed
to be normalized to one, so that the transformation matrix is orthogonal.) The missing
χH ⊗ JSL eigenstate ψ10 is exactly the one (and the only one) produced by the elec-
tromagnetic current (Q¯σiQ). Thus the production of each of the states in Eq.(4.26) is
forbidden in the limit of HQSS where χH is conserved.
One might argue that the HQSS breaking can be enhanced in the threshold re-
gion [23], where the mass splitting between the mesons related by this symmetry is
comparable to the distance to the thresholds. We can note however, that this is very
unlikely to be the case for our selection rule. Indeed at the threshold for each of the
considered meson-antimeson channel the major effect is the mass splitting µ between
the D∗ and D mesons, µ ≈ 140MeV, which is approximately the same as the energy gap
between the thresholds. This could generally lead to a significant violation of HQSS due
to rescattering between the channels. However in the discussed case neither of the three
channels can be produced, so that the rescattering between them cannot give rise to a
non-zero production amplitude. The distance to the other thresholds is parametrically
of order ΛQCD, so that the effects of the HQSS breaking can be estimated as being of
order µ/ΛQCD.
Another effect of HQSS breaking could be a mixing between the orbitally excited
(3/2)+ and (1/2)+ spin 1 mesons, e.g. a mixed structure of the D1(2420) and D1(2430).
However, phenomenologically this mixing is apparently very small, as one can deduce
from the small total width of D1(2420) as compared to that of D1(2430). Had the
mixing been substantial, it would have introduced a large S-wave component in the
amplitude of the decay D1(2420) → D∗π resulting in a considerable enhancement of the
rate of this decay.
One might also argue that, in the case of the charmonium region, the mass of
Y (4260) is sufficiently high above the charm threshold, and the energy-related breaking
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of the HQSS can enhance the yield of D1D¯ pairs in the e
+e− annihilation. It should
be noted, however, that the excitation of the (3/2)+ mesons over the ground state
ones is parametrically given by ΛQCD. Thus, the parameter for the HQSS breaking
at the threshold of D1D¯ is still ΛQCDmc ∼ 0.3 in the amplitude, corresponding to
suppression ∼ 0.1 in the rate, unless there is some currently unknown mechanism for
enhancing such breaking in this particular case. A simple way to illustrate that the
energy 4.26 GeV is not large enough to produce significant energy induced spin effects
for the charmed quark, one can consider the D-wave production in e+e− annihilation
of the charmed quarks in the limit of free quarks (so that the spin breaking is a pure
energy-related effect). Using the textbook expressions for the plane-wave Dirac spinors
for free fermions, one readily finds the D/S ratio of the production rates at the total
c.m. energy
√
s = E: ∣∣∣∣ADAS
∣∣∣∣
2
=
(E − 2m)2
2(E +m)2
(4.27)
Using also, for a numerical estimate, mc = MJ/ψ/2, so that E = 4.26GeV corresponds
to E/mc = 2.75, one estimates the ratio of the rates as |D/S|2 = 0.02, which indicates
that the kinematical effect is still quite small at such energy.
We thus conclude that the yield in the e+e− annihilation of the discussed (3/2)+ +
(1/2)− S-wave pairs of heavy mesons, forbidden in the limit of HQSS, should be signif-
icantly suppressed when the effects of the spin symmetry breaking are also taken into
account.
4.2.2 Mixed Hadrocharmonium
Having argued against the molecular interpretation, we still must turn to the other
mechanism to explain the observed enhanced breaking of HQSS. In fact the splitting
of the discussed resonances by about 100MeV can be compared with the characteristic
scale of the HQSS breaking in the charm sector for which a representative value is
the mass splitting between D∗ and D mesons of about 140MeV. In this subsection we
suggest and explore the possibility that the resonances Y (4260) and Y (4360) form a pair
of mixed states containing both a spin-triplet and a spin-singlet cc¯ pair. Clearly, such
mixing is possible only in the presence of other degrees of freedom, i.e. of the light quarks
and/or gluons, and is generally possible in either of the discussed models of hybrid or
59
four quark systems. We would like to discuss the mixing within the hadrocharmonium
model, where a relatively compact colorless cc¯ pair is embedded in a mesonic excitation
of light quarks, the binding between the two parts is provided by van der Waals-like
force2 .
In the hadrocharmonium model one can naturally expect a mixing between an em-
bedded 3S1 charmonium state and a
1P1 state. Indeed, in terms of the multipole ex-
pansion in QCD, the leading interaction depending on the spin of the heavy quarks is
the chromomagnetic dipole (M1), described by the Hamiltonian
HM1 = − 1
4mc
ξa (~∆ · ~Ba) , (4.28)
where ~Ba is the chromomagnetic field, ξa = tac−tac¯ is the difference of the color generators
acting on the quark and antiquark, and ~∆ = ~σc − ~σc¯ is a similar difference for the spin
operators. The leading effect in transitions between colorless states of a nonrelativistic
cc¯ pair induced by this term arises through its interference with the chromoelectric
dipole (E1) interaction
HE1 = −1
2
ξa (~r · ~Ea) , (4.29)
where ~Ea is the chromoelectric field and ~r is the vector of the relative position between
the quark and the antiquark. Clearly, the combined action of the terms (4.28) and
(4.29) changes the orbital angular momentum by one unit and the total spin of the pair
by one unit, ∆L = 1 and ∆S = 1, and thus links a 3S1 state of charmonium to the
1P1.
In the present discussion we denote Ψ3 the wave function of a hadrocharmonium
state with the quantum numbers JPC = 1−− containing a 3S1 cc¯ pair, and denote Ψ1
that for the JPC = 1−− state with an embedded 1P1 cc¯ pair 3 . We suggest that the
observed Y (4260) and Y (4360) resonances arise as a result of mixing between these two
states due to the spin dependent interaction:
Y (4260) = cos θΨ3 − sin θΨ1 , Y (4360) = sin θΨ3 + cos θΨ1 (4.30)
with θ being the mixing angle.
2 although the two parts are colorless, they can still attract to each other due to residual strong
interaction just like two neutral molecules can still form a bound state by a residual electromagnetic
force
3 Clearly the required overall quantum numbers JPC = 1−− with a cc¯ pair in the 1P1 state can
arise only in the hadrocharmonium system due to the contribution of the light degrees of freedom.
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Assuming that the mixing is the dominant source of the heavy quark spin symmetry
breaking, the model of the mixed states described by Eq.(4.30) implies a distinctive
pattern of production in the e+e− annihilation of the final states J/ψππ, ψ′ππ and hcππ
in the energy region of the Y (4260) and Y (4360) resonances including the interference
effects. Indeed, due to the heavy quark spin symmetry only the Ψ3 state is produced
by the electromagnetic current, and the decays to the final states with either the J/ψ
or ψ′ charmonium are due to the same Ψ3. Thus the amplitudes for production of these
final states can be written as
A[e+e− → J/ψ(ψ′)ππ] ∝ (cos2 θ BW1 + sin2 θ BW2) A[Ψ3 → J/ψ(ψ′)ππ] , (4.31)
where BW1 and BW2 stand for the Breit-Wigner resonance factors for respectively
Y (4260) and Y (4360), BW (E) = (E−M + iΓ/2)−1 with E being the c.m. energy. On
the other hand, the production of the final state hcππ is exclusively due to the mixing
with Ψ1, so that the production amplitude reads as
A[e+e− → hcππ] ∝ cos θ sin θ (BW1 −BW2) A[Ψ1 → hcππ] . (4.32)
The proportionality coefficients in Eqs. (4.31) and (4.32) depend on unknown couplings,
so that these formulas can be used to describe the behavior of the yield in each channel
in the resonance region, but not, say, the relative yield for different channels.
It can be noted that the relative sign between the two Breit-Wigner factors in
Eqs. (4.31) and (4.32) is uniquely determined by the inherent in the discussed hadrochar-
monium model assumption that the structures Y (4260) and Y (4360) arise from the
mixing of two states with definite total spin of the cc¯ pair, i.e. Ψ3 with Scc¯ = 1 and
Ψ1 with Scc¯ = 0. This implies that in Ψ3 and Ψ1 the heavy quark and antiquark are
correlated with each other, rather than each having a strong correlation with the light
constituents, which would be the case in a molecular, tetraquark, or hybrid picture.
In the latter models individual states would be mixed in the total spin of the cc¯ pair,
so that the interference pattern between Y (4260) and Y (4360) in the discussed final
channels would generally be different.
The behavior of the amplitudes A[Ψ3 → ψ′ππ] and A[Ψ1 → hcππ] is in all likelihood
somewhat different from that of A[Ψ3 → J/ψππ]. Namely, the energy released in the
pion pair in the former two processes is sufficiently low, and one can rely on the chiral
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low energy regime, where the amplitudes for these decays are bilinear in the energy
or momentum of the two pions [70, 71], and this behavior is in agreement with the
reported [54, 55] pion spectra in the transitions Y (4360) → ψ′ππ. Therefore, neglecting
the pion mass, one can approximate the rate for these decays is being proportional to
the seventh power of the energy release,
Γ[Ψ3 → ψ′ππ] ∝ [E −M(ψ′)]7 ,Γ[Ψ1 → hcππ] ∝ [E −M(hc)]7 . (4.33)
Clearly, the strong dependence on energy enhances the rates for the higher peak Y (4360),
and the effect is most significant for the emission of ψ′ where the available energy
is the smallest. On the other hand, the energy release in the transitions to J/ψππ
exceeds 1.1GeV, so that the low energy chiral limit is not applicable. Rather one would
expect that these latter transitions are dominated by the f0(980) resonance in the dipion
channel, which expectation is supported by the available data [50, 51, 52]. Thus the
decay can be approximated as a two-body process: Ψ3 → J/ψf0, so that there is very
little phase space kinematical dependence over the energy range of the Y (4260) and
Y (4360) resonances.
The approximation in Eq.(4.33) for the phase space integration, as well as the treat-
ment of the transitions to J/ψ as two-body decay can and should be refined by using the
actual experimental pion spectra, once more detailed data become available. For the
purpose of the present discussion we use the described simplifications and illustrate in
Figure 4.1 the energy behavior of the yield in each decay channel in the suggested model.
Clearly, the shape of the curve for the hcππ channel does not depend on the mixing angle,
and is sensitive only to the widths of the two resonances and the mass splitting between
them. In the plots of Figure 4.1 , the masses of the resonances are fixed at 4.26GeV and
4.36GeV, and we find that choosing Γ[Y (4260)] = 80MeV and Γ[Y (4360)] = 100MeV
produces a ratio of the production rates at 4.26GeV and 4.36GeV for the channel hcππ,
that is in a reasonable agreement with the recently reported data [62]. These chosen
values of the resonance widths do not exactly coinside with the central values in the
Tables [9] (108 ± 12MeV and 74 ± 18MeV), but are compatible with the data, given
their present uncertainty. The relative yield at the two peaks in each of the channels
J/ψππ and ψ′ππ is sensitive to the mixing angle θ, and we find that the value θ = 40◦
used in the plots appears to not contradict the current data.
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Figure 4.1: The energy dependence of the yield of the final states J/ψππ, ψ′ππ and
hcππ (arbitrary units) in the region of the Y (4260) and Y (4360) in the discussed model
with mixing of two states.
Although we make no attempt here to analyze the relative production rates between
different channels, one may notice that the final state ψ′ππ is strongly kinematically
suppressed in comparison with J/ψππ. Therefore, in order to explain the production
of ψ′ππ at the Y (4360) peak with a rate comparable to that of J/ψππ at Y (4260), the
coupling of the state Ψ3 to ψ
′ππ should be significantly stronger than to J/ψππ. In the
hadrocharmonium picture, this implies that the state Ψ3 contains mostly ψ
′, rather than
J/ψ, which is quite natural, given the larger spatial size of the excited charmonium. In
other words, the so far observed ‘affinity’ of Y (4260) to J/ψ is a superficial kinematical
effect and the underlying hadronic structure in fact contains mostly ψ′.
One can also notice the discussed here mixing model predicts a definite pattern of
the interference between the resonances. Namely, the phase between the Breit-Wigner
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factors is 0◦ for the heavy quark spin conserving channels J/ψππ and ψ′ππ [Eq.(4.31)],
and is 180◦ for the spin violating final state hcππ [Eq.(4.32)]. In particular, this phase
relation results in the absence of a visible dip in the production rate of the latter final
state at energies between the resonances, as can be seen in Figure 4.1.
The large value of the mixing angle, θ ≈ 40◦, justifies considering the mixing to be
the dominant source of the heavy quark spin symmetry breaking and neglecting other
possible (smaller) effects of violation of this symmetry, e.g. in the decay amplitudes.
Simultaneously the large mixing implies that the unmixed states Ψ3 and Ψ1 are very
close in mass. Indeed one can readily solve the two state mixing, and find that at θ = 40◦
the diagonal masses of Ψ3 and Ψ1 should be approximately 4.30GeV and 4.32GeV,
while the heavy quark spin symmetry breaking mixing amplitude is µ ≈ 50MeV. The
latter amplitude is of a normal scale expected for the spin symmetry violating effects
in the charm sector. On the other hand, the proximity of the unmixed states in mass
to within about 20MeV may appear acidental, but to the best of our knowledge cannot
be ruled out. In this context the state Ψ3 can be viewed e.g. as ψ
′ embedded in
a light-quark mesonic excitation with quantum numbers JPC = 0++, while Ψ1 is an
hc bound in an excited 0
−+ light-quark mesonic state. This possible picture of the
unmixed hadrocharmonium states, might require a clarification, regarding the quantum
numbers of the light degrees of freedom in the discussed two-pion transitions. For the
state Ψ3 ∼ (1−−)cc¯ ⊗ (0++)qq¯ the picture of the transition is quite straightforward:
both pions in the decay to J/ψππ, or ψ′ππ can be emitted in the S-wave by the 0++
component, so that no transfer of angular momentum to the cc¯ pair is necessary. The
picture is however necessarily different for the decay Ψ1 → hcππ. Indeed, for soft pions
the amplitude of the latter decay has the form
A(Ψ1 → hcππ) ∝ ǫijk hciΨ1j(E2p1k + E1p2k) , (4.34)
where ~Ψ1 and ~hc are the polarization amplitudes of the initial Ψ1 and the final hc, and
~p1, ~p2 (E1, E2) are the momenta (energies) of the two pions. One can thus see that
the angular momentum of the cc¯ pair has to be rotated. This however does not imply
a violation of the heavy quark spin symmetry, since it is not the spins of the heavy
quarks but rather their (P -wave) angular momentum that is rotated. The amplitude
(4.34) can thus be represented as arising from the action on the initial state of the
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operator O = ℓi(E2p1i + E1p2i), involving the operator ~ℓ of the angular momentum of
the heavy quark pair. Clearly, the operator O has the quantum numbers 0−+, so that
the simplest hadrocharmonium configuration, linked by this operator to the final state
hcππ, is Ψ1 ∼ (1+−)cc¯ ⊗ (0−+)qq¯ 4 .
It can be noted that the possible latter structure of the state Ψ1 also suggests that
there can be a substantial yield in the not yet observed channel e+e− → hcη in the same
energy range of the Y (4260) and Y (4360) resonances. Due to the present uncertainty
in understanding the conversion of the light degrees of freedom in hadrocharmonium
into light mesons it is difficult to offer a specific prediction for the cross section. It is
quite possible however that the yield of the hcη final state can be comparable to that
of hcππ.
Furthermore, as previously discussed, combining the light-matter excitations with
the states of charmonium generally gives rise to a number of new charmonium-like res-
onances. In particular, in the discussed here picture, besides the states Ψ3 ∼ (1−−)cc¯ ⊗
(0++)qq¯ and Ψ1 ∼ (1+−)cc¯ ⊗ (0−+)qq¯ one might expect existence of hadrocharmonium
states with the structure (1−−)cc¯ ⊗ (0−+)qq¯ (with a mass approximately 3.9GeV), and
(1+−)cc¯ ⊗ (0++)qq¯ (at approximately 4.7GeV). It is clear however that these isoscalar
resonances should have quantum numbers JP = 1+− and would not be directly pro-
duced in e+e− annihilation, or in single pion transitions from the states produced in
e+e− annihilation.
Very shortly after our hadro-charmonium models was published in the arXiv, the
BESIII experiment made available [72] the data on the energy dependence of the cross
section for the process e+e− → hcπ+π− in the range of E from 4.19GeV to 4.42GeV. We
thus subsequently attempt at fitting the data within the suggested two resonance model,
with the interference between the resonances described by Eq.(4.32). In performing the
fit we allowed the masses and the widths in the two Breit-Wigner factors to float, as
well as the overall normalization factor, thus resulting in the total of five fit parameters.
Furthermore we included only the statistical experimental errors in our calculation of
χ2, and not included the reported systematical errors. We believe that this is the proper
procedure, since the systematical errors in the data [72] arise from the uncertainty in
4 One can also notice that the quantum numbers of the emitted dipion in its center of mass frame are
0++ and 2++, and these combine with the angular momentum in the rest frame of the heavy quarkonium
to ensure the conservation of the overall angular momentum and the parity.
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the normalization and are in fact proportional to the central values of the data at each
energy point, thus being strongly correlated. Since the overall normalization is one of
our fit parameters, the experimental uncertainty in the normalization is absorbed into
the definition of this overall factor It should be also noted that using the low energy
approximation for the pion emission amplitude introduces an uncertainty at higher
energies. A better procedure would require the data on the actual pion spectra at each
energy. Lacking such data, we estimate the effect of the possible inaccuracy of our
treatment of the higher energies by comparing the results of the fit to all the available
data and to the same data with the highest energy point excluded. We find that the
extracted parameters of the lower mass resonance and the overall quality of the fit are
quite stable under this variation of the procedure, while the most affected is the width
Γ2 of the heavier resonance. Also with the limited experimental information available
to us at present, we do not attempt to evaluate the errors in the extracted parameters
and quote here only the ‘central’ values corresponding to the minimum of χ2.
The result of our fit, using all ten data points from 4.19GeV to 4.42GeV, for the
masses and the widths of the resonances is M1 = 4213MeV, Γ1 = 69MeV, M2 =
4379MeV, Γ2 = 160MeV with χ
2/N = 6.0/5, where N is the number of degrees of
freedom. The fit with the data point at E = 4.42GeV excluded yields M1 = 4214MeV,
Γ1 = 61MeV, M2 = 4351MeV, Γ2 = 117MeV with χ
2/N = 3.6/4. The input data and
the fit curves are shown in Figure 4.2.
One can readily notice that our fit results in a lower, than the table value, mass of the
lower resonance Y (4260),M1 ≈ 4215MeV. This low value is compatible within the errors
with the one reported in Ref. [52], but does not appear to agree with Refs. [50, 51, 53]. It
should be noted however that all the previous determinations were done using the final
state J/ψππ. The production of this final state, as well as of ψ′ππ requires no violation
of the heavy quark spin symmetry and may receive an unsuppressed contribution from
the non resonant continuum. The interference between the Y (4260) resonance and the
continuum amplitude may generally result in a shift of the apparent position of the
resonance. It is not clear however whether this shift can be large enough to explain the
difference between the results of our fit to the data [72] and the previous determinations.
In either case the significance of this discrepancy can possibly be understood with a more
detailed set of data.
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Figure 4.2: The energy dependence of the cross section σ(e+e− → hcπ+π−). The data
points from Ref. [72] are shown with the statistical errors only. The curves show the
behavior in the two-resonance model with the parameters determined from the fit with
all the data points (solid) and with the highest energy data point excluded (dashed).
4.3 X(3915)
The charmoniumlike state X(3915) presents a considerable challenge for understanding
its internal structure. This resonance with the mass [9] M = 3918.4 ± 1.9MeV and
width Γ = 20± 5MeV has been observed only in the decay mode X(3915) → ωJ/ψ in
B decays, B → KX(3915) → K ωJ/ψ [73, 74], with the combined branching fraction
measured as
B [B+ → K+X(3915)] B [X(3915) → ωJ/ψ] = (3.0+0.9−0.7)× 10−5 , (4.35)
and in two photon production [75, 76] with the yield described by [9]
Γ [X(3915) → γγ] B [X(3915) → ωJ/ψ] = 54 ± 9 eV . (4.36)
Furthermore, a BaBar angular analysis [76] of the two photon production favors the
spin-parity assignment JP = 0+ for X(3915). For this reason an assignment [77] of
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this resonance as a radially excited charmonium 3P0 state χc0(2P ) was hastily adopted
by BaBar [76] and later by PDG [9]. However it has been convincingly argued [78, 79]
that the observed properties of the resonance X(3915) are highly unlikely for a χc0(2P )
state, suggesting [78] that the actual χc0(2P ) lies at the mass of about 3840MeV and
has a broad width, Γ ∼ 200MeV dominated by the decay to DD¯ pairs, and thus leaving
the resonance X(3915) to be interpreted as an exotic state.
In this section we discuss the possibility that this resonance is a bound state of a
DsD¯s meson pair, whose threshold is the nearest in mass toX(3915). We argue that such
interpretation might explain, although currently with a considerable uncertainty, the
unusual observed properties of this resonance and that it can be tested experimentally,
e.g. by studying the decays B → KDsD¯s near the threshold of the strange charmed
meson-antimeson pair. The discussion is based on the Ref. [80]. We start with briefly
review peculiarities in the measured properties of X(3915) pointed out in Refs. [78,
79] that, in particular, preclude the χc0(2P ) assignment and then discuss how those
properties can be implemented in the DsD¯s molecular model.
A major peculiarity of the resonance X(3915) is the large combined branching frac-
tion in Eq.(4.35) considered together with the general understanding that for a pure
charmonium the rates of transitions with emission of light hadrons are typically quite
small with the largest rate [that of ψ(2S) → ππ J/ψ ] being of the order of 0.1MeV.
Indeed, if one conservatively caps the rate of the decay X(3915) → ωJ/ψ at 1MeV,
corresponding to B [X(3915) → ωJ/ψ] < 5%, the branching fraction for the B decay,
B [B+ → K+X(3915)] would be estimated as being larger than approximately 6×10−4,
which would make theX(3915) one of the most abundantly produced charmonium states
in the decays of B meson. In particular, this estimate would exceed the measured yield
of the χc0(1P ) state, B [B+ → K+ χc0(1P )] = (1.50+0.15−0.14) × 10−4, which is hardly ac-
ceptable in any reasonable theoretical scheme.
Another unusual property of X(3915) is the apparent absence of the dominance of its
decay into DD¯ meson pairs. Namely, the current measurements show no signal for such
decay, and using the available Belle data [81] Olsen [79] estimates B [X(3915) → D0D¯0] <
1.2B [X(3915) → ωJ/ψ], which, given the isotopic symmetry, translates to
B [X(3915) → DD¯] < 2.4B [X(3915) → ωJ/ψ] . (4.37)
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This behavior is in a remarkable contrast with expectation for a 0+ charmonium and
with the one observed for the spin-2 resonance identified [9] as χc2(2P ) with mass
3927.2 ± 2.6MeV, whose width Γ = 24 ± 6MeV is practically saturated by its decay
into D−wave DD¯ meson pairs. 5
Clearly, the conclusion regarding an unacceptably high rate of the decay B →
KX(3915) derived from the experimental number in Eq.(4.35) is invalidated if the
branching fraction B [X(3915) → ωJ/ψ] is significantly larger than 5%, say about 30%,
while the upper bound in Eq.(4.37) could be satisfied if one could identify a mechanism
for suppression of the decay X(3915) → DD¯. We will argue here that both these re-
quirements might be fulfilled if the resonance X(3915) is an S−wave bound molecular
state of the DsD¯s meson pair. The binding energy ∆ in this case is
∆ = 2M(Ds)−MX = 18.2 ± 1.9MeV , (4.38)
so that the bound state is moderately shallow.
The argument involving the perceived relative suppression of the decay X(3915) →
ωJ/ψ is based on invoking the Okubo-Zweig-Iizuka (OZI) rule. For a DsD¯s state both
this decay and the decay to DD¯ would be OZI suppressed and may thus have a com-
parable rate. As for the absolute rate of X(3915) → ωJ/ψ, it can be recalled that the
original application of the OZI rule was for an explanation of the suppression of the decay
φ→ ρπ. While the latter decay is indeed OZI suppressed relative to the decay into KK¯,
in absolute terms its width is approximately 0.65MeV, even though this is a P−wave
decay with a moderate c.m. momentum of 179MeV. The decay X(3915) → ωJ/ψ is
an S−wave process where, in the discussed picture, the ss¯ pair converts to ω with no
apparent kinematical suppression since the momentum in this decay is about 220MeV.
It thus does not seem unreasonable to suggest that even though the latter decay is OZI
suppressed, similarly to φ→ ρπ, the S−wave amplitude is enhanced in comparison with
the P−wave in the φ meson decay, so that an order of magnitude larger decay rate,
Γ [X(3915) → ωJ/ψ] ∼ 6MeV, required for making the branching fraction of approxi-
mately 30%, might in fact be not untypical.
The decay into the pairs of non-strange D mesons, X(3915) → DD¯, is similarly
OZI suppressed, so that it should come as no surprise that its rate is comparable to
5 The very small mass splitting of only about 9MeV between the χc2 and X(3915) is used [78] as
an additional argument against the interpretation of X(3915) as χc0(2P ) charmonium state.
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that of the decay to ωJ/ψ. Furthermore the OZI rule also keeps X(3915) as a DsD¯s
molecule from a significant mixing with 3P0 states of charmonium, which mixing would
also certainly give rise to enhanced decays into DD¯.
A possible caveat in the discussed scheme for X(3915) and its decays is related to
the decay X(3915) → ηηc, which in fact is the only possible process for a DsD¯s molecule
that is not OZI suppressed. A recent search for this process by Belle [82] resulted in
the upper bound (at 90% CL)
B [B+ → K+X(3915)] B [X(3915) → ηηc] < 3.3 × 10−5 . (4.39)
By comparing this bound with the number in Eq.(4.35) one can readily see that the
decays X(3915) → ωJ/ψ and X(3915) → ηηc can have comparable rates. It should be
pointed out that there is at least one possible factor that somewhat mitigates the OZI
suppression of the former process in comparison with the latter. This factor is related
to the heavy quark spin structure of an S−wave of two pseudoscalar mesons DsD¯s. In
the mesons the spin of the heavy quark (antiquark) is fully correlated with the spin of
the light antiquark (quark). As a result the meson-antimeson system is a mixed state
with regards to the total spin of the cc¯ pair. The heavy quark spin decomposition for
the S−wave pair of pseudoscalar mesons [21] reads as
(
DsD¯s
)
0+
=
1
2
0H ⊗ 0L −
√
3
2
1H ⊗ 1L , (4.40)
so that in the discussed DsD¯s molecule the probability for the cc¯ pair to be in a spin
triplet state is 3/4, while the probability for a spin singlet is 1/4. Since the heavy quark
spin is approximately conserved, the transition to the spin triplet J/ψ level is enhanced
by a factor of three over that to the spin singlet ηc. Furthermore, the OZI allowed
transition of the ss¯ pair to the η meson, η = (uu¯ + dd¯− 2ss¯)/√6 in the limit of flavor
SU(3) symmetry, carries another factor of 2/3 in the probability. As a result the ratio
of the transition rates can be factorized as
Γ(DsD¯s → ηηc)
Γ(DsD¯s → ωJ/ψ)
=
2
9
pη
pω
1
R
∣∣∣∣F (pη)F (pω)
∣∣∣∣
2
, (4.41)
where R < 1 is the OZI suppression factor, pω ≈ 220MeV (pη ≈ 665MeV) is the
momentum of ω (η) in the decay, and F (p) is the form factor accounting for the absorbed
recoil momentum by the charmonium ground state. One can see that, although a larger
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momentum in the η transition gives a larger phase space, the reduction of the amplitude
by the form factor F (p) can be more significant, since pη is comparable with the typical
momentum in the ground state charmonium. Clearly, lacking a better description of the
discussed transitions, it appears impossible to reliably estimate the ratio of the rates in
Eq.(4.41), and the question as to whether the η transition can have a rate not larger
than the decay to ωJ/ψ remains open, and one has to turn to other ways of testing the
suggested hidden strangeness molecular structure of X(3915).
One characteristic signature of a bound DsD¯s S−wave state arises if one treats
it as shallow bound state dominating the near threshold DsD¯s scattering amplitude.
At the binding energy as in Eq.(4.38) the characteristic under-threshold momentum
is κ =
√
MD∆ ≈ 190MeV, so that the amplitude can be described by the scattering
length
a =
1
κ
≈ 1 fm , (4.42)
which also determines the characteristic distances at which the mesons move in the
bound state. It should be mentioned that, most likely, the 1 fermi length scale is near
the limit at which the effective radius approximation can be applied to the amplitude,
or, in other words, the bound state at 18MeV is at the limit of being considered as
‘shallow’. Also such distances are comparable with the size of the mesons, so that
considering them as point objects is only marginally applicable. However in lieu of a
more detailed approach we use here the approximation of a ‘large’ scattering length for
description of the near threshold dynamics of a DsD¯s pair. In this approximation the
DsD¯s scattering amplitude at a momentum k above the threshold can be written as
f = − 1
κ+ iγ + ik
(4.43)
where the imaginary shift iγ for the position of the pole in k takes into account the
inelasticity due to the width Γ of the resonance X(3915), κ + iγ =
√
MD(∆ + iΓ/2)
(numerically γ ≈ 50MeV).
In the processes, where the DsD¯s pair is produced by a source localized at distances
shorter than a, the production near the threshold can be considered as dominated by
a resonance process, and the usage of the resonance amplitude in the form (4.48) is
sometimes referred to as the Fatte` parametrization [83]. Applying this parametrization
to the decays B → KDsD¯s, one readily finds that the distribution in the invariant mass
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MDD¯ of the DsD¯s pairs near the threshold is given by
d
dMDD¯
Γ(B → KDsD¯s) = C k
κ2 + (γ + k)2
(4.44)
where C is a constant and k =
√
MD(MDD¯ − 2MD) is the relative momentum of the
mesons in their center of mass frame. In the expression (4.44) we neglect the effect
of the Coulomb interaction between the mesons, which effect itself depends on the
meson-antimeson strong interaction [39] and becomes significant only in the immediate
vicinity of the threshold. Clearly, the resonance corresponding to a shallow bound state
enhances the yield of the meson pairs near the threshold as illustrated in Figure 4.3 and
such enhancement can be tested in the existing or future data on the B decays.
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Figure 4.3: The spectrum of invariant mass for the DsD¯s system near the threshold
with the enhancement due to a bound state (solid) as described by Eq.(4.44), compared
with the S−wave phase space (dashed). Both curves are normalized to the same value
at M(DsD¯s) = 4.0GeV.
According to the discussed picture of the X(3915) resonance, the bulk of its total
width is thus the sum of the decay rates to ωJ/ψ, ηηc and DD¯ all contributing a com-
parable amount. One more type of decay, possibly contributing a slightly smaller but
still noticeable amount to the total width is the decay to light hadrons due to the anni-
hilation of the charmed quark and antiquark. In order to estimate (very approximately)
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the rate of such decays we start with a discussion of X(3915) decay into two photons
whose rate enters Eq.(6.7). For an S−wave nonrelativistic DsD¯s meson pair in a state
described by a wave function ψ(r) the width for annihilation into γγ is given by
Γ(DsD¯s → γγ) = 2π α
2
M2D
|Φ|2 |ψ(0)|2 , (4.45)
where Φ is the form factor for the vertex DsD¯sγγ, normalized so that Φ = 1 for point
particles of unit charge. Using for an (very approximate) estimate |ψ(0)|2 ∼ κ3/π in
the bound state X(3915), one gets
Γ[X(3915) → γγ] ∼ 0.2 |Φ|2 keV (4.46)
which is in the same ballpark as the experimental number (6.7), if |Φ| is not significantly
less than one and if, as we discuss here, B [X(3915) → ωJ/ψ] ∼ 0.3.
The annihilation of the cc¯ in from the molecular state can proceed either through
two gluons for the heavy quark pair in a spin singlet state, or through a one-gluon
mediated process cc¯ → qq¯ for the cc¯ pair in a color-octet spin-triplet state. For the
known charmonium states: ηc, χc0, χc2, that decay both to two photons and to light
hadrons through two gluons, the ratio of the γγ decay rate to that of the hadronic decay
is around 2×10−4. Allowing for the additional contribution of the annihilation through
one gluon from the molecular state, it appears reasonable to approximately estimate
the similar ratio for X(3915) as
Γ[X(3915) → γγ]
Γ[X(3915) → light hadrons] ∼ 10
−4 , (4.47)
so that in absolute terms the annihilation width of X(3915) is likely to be about (1.5
- 2)MeV and contribute about 10%, or slightly less to its total width. Naturally, one
should expect, due to the presence of the ss¯ quark pair in X(3915), an enhanced K/π
ratio in such annihilation decays. However it is not clear whether this enhancement
can be detected over the background, since these decays contribute only a rather small
fraction of the total width of the resonance.
To summarize this section, we argue that the unusual observed properties of the
X(3915) resonance, in particular its apparently large decay rate to ωJ/ψ and a sup-
pressed decay into DD¯ pairs may be understood if this resonance is a molecular bound
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state of a DsD¯s meson pair. Unavoidably, our estimates of the properties of such molec-
ular object are subject to large uncertainties because of the current lack of a reliable
description of the strong multiquark dynamics. However the possibility that X(3915)
is an under threshold pole in the DsD¯s scattering amplitude located close to the phys-
ical region can be tested experimentally by searching for the enhanced yield of these
meson-antimeson pairs near the threshold, e.g. in the decays B → KDsD¯s.
4.4 χc0 ω Production in e
+e− Annihilation through ψ(4160)
The recently reported [84] BESIII data on production of the final states χcJ ω in the
e+e− annihilation at
√
s from 4.21 to 4.42 GeV indicate a peak in the cross section for
χc0 ω at about 4.23 GeV and apparently no corresponding peaks above the thresholds
for χcJ ω with J = 1 and J = 2. The best fit to the χc0 ω data with a resonance curve
yields the parameters of the resonance[84]: M = (4230±8)MeV and Γ = (38±12)MeV,
which parameters do not correspond to any of the previously known charmonium-like
states. It is not unusual recently that new quarkonium-like resonances are revealed in
various channels with a hidden heavy flavor, and the newly observed peak could indicate
an existence of another such state. In this section, however, we explore a somewhat more
routine interpretation of the observed peak as being due to a well known charmonium
JPC = 1−− resonance, namely the ψ(4160). The detailed discussion can be found in
Ref. [85].
Despite the notation ψ(4160) the actual mass of this state is in fact [9] Mψ =
(4191 ± 5)MeV (and Γψ = (70 ± 10)MeV. The shift in the mass from the initial data
to the current higher value is mostly due to the re-analysis [86] of the interference with
the ψ(4040) peak. We argue that a close proximity of the actual mass of ψ(4160) to the
observed enhancement of the e+e− → χc0 ω cross section makes our interpretation well
compatible with the data. The suppression of the production of χc1 and χc2 in similar
processes above their thresholds as well as of χc0 in that range of higher energy is then
merely due to larger distance from the resonance peak.
If confirmed by the future data, the discussed interpretation would imply that the
process e+e− → χc0 ω is not as much of direct relevance to the searches for new
charmonium-like states, possibly of a complex structure, but rather falls into another
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very interesting class of hadronic transitions between quarkonium states, more specif-
ically, of the transitions with the emission of the ω meson. Such transitions between
the JPC = 1−− and the χJ states were observed in both charmonium: χc0(2P ) →
J/ψ ω [87], and bottomonium: χb1,b2(2P )→ Υ(1S)ω [88], and most recently [89] at the
Υ(5S) resonance: Υ(5S) → χb1 ω (and also an indication of Υ(5S) → χb2 ω). These
processes are not suppressed by any (approximate) symmetries in QCD and are allowed
to proceed in the S wave 6 . In the limit of exact heavy quark spin symmetry the
transitions for the χJ states with different J are related by the generic expression [90]
for the S-wave amplitude:
A(ψχJω) = gω
(
ψiωiχ0 +
√
3
2
ǫijkψiωjχk +
√
3ψiωjχij
)
, (4.48)
where the nonrelativistic limit for heavy quarkonium is assumed with the nonrelativistic
normalization for the heavy states, ~ψ and ~ω stand for the polarization amplitudes for
the 1−− state (ψ) and the ω meson, and χ0, ~χ and χij are the amplitudes for the
χJ states. The dimensionless constant depends on the specific 1
−− state and on the
considered multiplet of the χJ states. In our normalization the rate of e.g. the decay
ψ(4160) → χc0 ω is given by
Γ[ψ(4160) → χc0 ω] = g2ω
pω
2π
(4.49)
with pω being the momentum of the emitted ω.
If one neglects the widths of the ω and χc0 resonances and approximates the ψ(4160)
resonance by a simple Breit-Wigner shape, the cross section for the process e+e− →
ψ(4160) → χc0 ω is given by
σ(e+e− → χc0 ω) = g2ω
3
2M2
Γee pω(E)
(E −M)2 + Γ2/4 (4.50)
where E =
√
s is the center of mass energy,M and Γ are the mass and the total width of
the ψ(4160) resonance, and Γee is its partial width of decay to e
+e− currently measured
with a considerable uncertainty [9], Γee = (0.48± 0.22) keV. Assuming the central value
for the latter width, the expression in Eq.(4.50) reproduces the experimentally measured
6 Within the multipole expansion in QCD [11] these processes arise in the third order in the leading
E1 interaction [90]. This illustrates absence of a suppression, even though the multipole expansion is
hardly applicable at a quantitative level to the processes with highly excited quarkonium states.
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cross section of approximately 55 pb at E = 4230MeV, at which point the largest
statistics is available and the experimental errors are the smallest, if g2ω ≈ 4 × 10−2.
Naturally, the uncertainty in this estimate is large, about 50%, mainly due to poor
knowledge of the Γee.
For a more detailed fit to the data of the shape of the energy dependence of the cross
section described by the discussed resonance mechanism, especially at the lower end of
the relevant energy range, we have included the effects of the finite widths of the ω
resonance (8.5MeV) and of the χc0 charmonium state (10.5MeV). Since we neglect any
possible non-resonant background and any variation of the width of ψ(4160) at energies
well above the resonance, the only parameter in the fit is the overall normalization, i.e.
the coupling g2ω. A comparison of our fit with the data is shown in Figure 4.4. The
quality of the fit is χ2/Nd.o.f. = 9.9/8, which although is likely worse than the fit to a
new resonance in Ref. [84], but is still compatible with the data within one standard
deviation. It can be noted that most likely the simple Breit-Wigner approximation has
to be modified at the higher end of the measured energy range. Thus if we fit only
the data at 4.31GeV and below (i.e. not including the three highest energy points) the
figure of merit for our fit improves to χ2/Nd.o.f. = 4.0/5.
Also shown in Fig. 1 are the expected from the formulas in Eqs. (4.48) and (4.50)
curves for the cross section in the channels χc1 ω and χc2 ω. It should be noted however
that a straightforward application of these formulas may suffer from relatively large
modifications. Such modifications can arise both from a deviation at higher energies
of the resonance curve from the Breit-Wigner approximation, and from possible other
non-resonant contributions to the production mechanism, e.g. mediated by the heavy
meson-antimeson pairs [23, 91]. In particular, the latter contributions can potentially
violate the heavy quark symmetry prediction for the ratio of the yield σ/pω in the
channels χcJ ω with different J : χc0 : χc1 : χc2 = 1 : 3 : 5.
We have also examined a possible contribution of the higher charmonium-like res-
onance ψ(4415). The data [84] indicate no enhancement at the energy of this state.
Neither our fit showed any improvement with inclusion of this additional resonance.
We find that its contribution to the production of χc0 ω should be less than 10% of that
of ψ(4160) in the amplitude. This probably indicates that the resonances ψ(4160) and
ψ(4415) have significantly different internal dynamics.
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Figure 4.4: The fit of the ψ(4160) resonance contribution to the data [84] for σ(e+e− →
χc0 ω) (solid). Also shown are the curves for the cross section in the channels χc1 ω
(dashed) and χc2 ω (dot-dash).
It may also be instructive to compare the relative strength of the coupling in the
ω transitions in the charmonium and bottomonium sectors. The observed [89] rate of
the transition Υ(5S) → χb1 ω corresponds to g2ω(5S → 1P ) ≈ 3 × 10−4, i.e. an order
of magnitude smaller in the amplitude than the discussed coupling in charmonium. It
is not clear however to what extent this transition is representative for bottomonium,
since for the transitions from Υ(5S) the data indicate a strong violation of the heavy
quark symmetry prediction (5 : 3) for the relative yield of χb2 and χb1. Whatever the
mechanism responsible for the enhanced spin symmetry breaking is (e.g. a contribution
of meson-antimeson states [23]), it would also affect the strength of the coupling for
the ω emission. Perhaps, a more sensible comparison could be done using the data
on the decays χb1,b2(2P ) → Υ(1S)ω for which the data on their relative rate do not
contradict the HQSS. However the absolute rate of the ω transitions from the χbJ(2P )
bottomonium to Υ(1S) is unknown since the total widths of the χbJ(2P ) states is not
measured. Using the theoretical estimates [92, 93] of the radiative and the total widths
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of the bottomonium 2P states one may deduce e.g. Γ[χb1(2P ) → Υ(1S)ω] ≈ 1.5 keV,
and thus estimate g2ω(2P → 1S) ≈ 2 × 10−5. Clearly, these estimates point to a much
weaker coupling for the ω transitions in bottomonium as compared to charmonium.
Qualitatively, a weaker coupling for the bb¯ system would be expected on general grounds.
In summary, we find that a minimalistic description of the recent BESIII data on
e+e− → χcJ ω in terms of the effect of the known resonance ψ(4160) is quite compatible
with the measurements of the cross section. This description implies that the coupling
of the ψ(4160) to the channels χcJ ω is of the same order as in another known charmo-
nium process χc0(2P ) → J/ψ ω. In both these cases the interaction of the ω meson is
significantly stronger than in similar processes in bottomonium — a behavior that is
generally expected, but not yet described quantitatively.
Chapter 5
A Possible Violation of Parton
Picture in Decays of hb(2P )
As the experimental results accumulated for quarkonium, the detailed analysis of the
data become available. It allows us to test our theoretical understanding more carefully.
This chapter will discuss an anomaly revealed in decays of hb(2P ). The spin-singlet P
wave 1P1 states of bottomonium hb(1P ) and hb(2P ) provide ample opportunities to
study the QCD dynamics of heavy quarkonium. These resonances were observed by
Belle [94] in two-pion transitions from Υ(5S) and also an evidence of the transition
Upsilon(3S) → hb(1P )π0 was presented by BaBar [95]. The theoretical expectations
for the masses and decay properties of these resonances were previously considered
in the literature, and the most detailed compllation and discussion can be found in
Ref. [93]. The theoretical treatment of the 1P1 states is facilitated by their relation,
within the nonrelativistic description of bottomonium, to the spin-triplet χbJ(1P ) and
χbJ(2P ) states. The expected masses of the hb resonances are determined by the ‘center
of gravity’ of the corresponding triplet states (and are in a remarkable agreement with
the measured values), while the decay properties of the hb(1P ) and hb(2P ) particles are
most naturally related to those of the corresponding 3P1 bottomonium states χb1(1P )
and χb1(2P ). Indeed, these latter J
PC = 1++ resonances are the closest in mass to their
spin-singlet counterparts, so that the kinematical differences in some decays are mini-
mal, and also they share the property of having relatively small annihilation rates, since
78
79
in the inclusive ‘parton’ picture of the annihilation both types of states annihilate in the
order α3s: χb1 → qq¯g and hb → 3g, with g standing for gluon and q for a light quark. The
straightforward theoretical picture with a similarity between the decay properties of the
1P1 and
3P1 has been recently put to test by the Belle data [96] on the dominant radiative
transitions from the hb resonances. The reported branching fraction for such decay of the
hb(1P ) resonance, B[hb(1P )→ ηb(1S) γ] = (49.2±5.7+5.6−3.3)% arguably compares reason-
ably well (accounting also for a difference in the photon energy) with the known similar
fraction for the χb1(1P ) [9]: B[χb1(1P ) → Υ(1S) γ] = (33.9 ± 2.2)%. However, the
central values of the data [96] for the transitions form hb(2P ): B[hb(2P )→ ηb(1S) γ] =
(22.3±3.8+3.1−3.3)% and B[hb(2P )→ ηb(2S) γ] = (47.5±10.5+6.8−7.7)% are significantly higher
than for the spin-triplet ‘analog’ χb1(2P ) [9]: B[χb1(2P )→ Υ(1S) γ] = (9.2±0.8)% and
B[χb1(2P ) → Υ(2S) γ] = (19.9 ± 1.9)%. Indeed, the reported central values of the ra-
diative decay rates for hb(2P ) indicate that the annihilation decay rate Γann[hb(2P )] of
the hb(2P ) may be significantly suppressed in comparison with the rate expected from
the similarity relation Γann[hb(2P )]/Γann[hb(1P )] = Γann[χb1(2P )]/Γann[χb1(1P )].
In this section, we quantify the possible contradiction with the similarity and argue
that it gets even stronger, if the hadronic transitions from hb(2P ) to lower bottomo-
nium states are taken into account. Namely, the hb(2P ) resonance has the decay mode
hb(2P ) → ηΥ(1S), which is kinematically forbidden for the hb(1P ) and has no analog
for the χb1(2P ) state. We argue that the branching fraction for this decay, although
uncertain, can be significant (up to O(10%)), which would further reduce the fractional
probability remaining for the annihilation decays of hb(2P ). In what follows, we proceed
in two steps. The first step is to use available data and HQSS to estimate the following
“the ratio of the ratios”
r =
{Γann[hb(2P )] + Γ[hb(2P )→ Υ(1S) η]} /Γann[hb(1P )]
Γann[χb1(2P )]/Γann[χb1(1P )]
. (5.1)
If Γ[hb(2P ) → Υ(1S) η] can be ignored, then r = 1 from the parton picture. If the η
transition is estimated to be large, then one should expect r > 1. So the second step is
to estimate the decay rate of hb(2P ) → Υ(1S) η. The discussion here is based on the
Ref. [97].
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5.1 The Ratio of the Annihilation Ratios
The absolute rates of the transitions between the P - and S-wave states of the spin-
singlet bottomonium are related to those for the spin-triplet states by HQSS within the
nonrelativistic description of the bb¯ system. The rates of the radiative electric-dipole
transitions are related as
Γ[hb(kP )→ ηb(nS) γ] =
ω3kn1
ω3kn3
Γ[χb1(kP )→ Υ(nS) γ] , (5.2)
where ωkn1 (ωkn3) is the photon energy in the transition between the spin-singlet (spin-
triplet) states. 1 Using Eq.(5.2) one readily estimates
Γ[hb(1P )→ ηb(1S) γ] ≈ 1.5Γ[χb1(1P )→ Υ(1S) γ];
Γ[hb(2P )→ ηb(1S) γ] ≈ 1.25Γ[χb1(2P )→ Υ(1S) γ];
Γ[hb(2P )→ ηb(2S) γ] ≈ 1.44Γ[χb1(2P )→ Υ(2S) γ] . (5.3)
Unlike the 1P states, the heavier 2P ones also undergo hadronic transitions to lower
levels of bottomonium. Two types of such of such transitions, with emission of either
ω resonance or two pions, are common for χb1(2P ) and hb(2P ) and their absolute rates
can be related:
Γ[hb(2P )→ ηb(1S)ω] = pω1
pω3
Γ[χb1(2P )→ Υ(1S)ω] ≈ 2.6Γ[χb1(2P )→ Υ(1S)ω] ,
(5.4)
where pω1 (pω3) is the ω momentum in the transition between the spin-single (spin-
triplet) states, and
Γ[hb(2P )→ hb(1P )ππ] ≈ Γ[χb1(2P )→ χb1(1P )ππ] . (5.5)
Indeed, both types of transitions are induced by the chromo-electric dipole interaction of
the heavy quark pair with soft gluon field. The former transition arises in the third order
in this interaction [90], while the two-pion emission arises in the second order [11, 10].
1 In a strict sense, the account for the difference in the factor ω3 is beyond the accuracy of the lowest
order in the breaking of the heavy quark spin symmetry. However we follow the tradition of including
this factor, since this factor is dictated by the QED gauge invariance, and since the effect of the spin-
dependence is somewhat enhanced in this factor. Our conclusions would not change qualitatively, if this
factor is omitted.
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In either process the heavy quark spin decouples, and the relation (5.4) takes into
account the difference in the phase space of the S-wave processes, which difference is
quite essential, since the decay χb1(2P )→ Υ(1S)ω is close to the threshold. In Eq.(5.5)
any kinematical difference can be neglected since the energy released in the two related
decays is essentially the same within the (small) experimental uncertainty.
Using the relations (5.3), (5.4) and (5.5) one can readily find the estimates for
the branching fractions for the yet unobserved hadronic transitions in terms of the
experimentally measured quantities:
B[hb(2P )→ ηb(1S)ω] =
Γ[hb(2P )→ ηb(1S)ω]
Γ[χb1(2P )→ Υ(1S)ω]
Γ[χb1(2P )→ Υ(2S) γ]
Γ[hb(2P )→ ηb(2S) γ]
B[χb1(2P )→ Υ(1S)ω]
B[χb1(2P )→ Υ(2S) γ] ×
B[hb(2P )→ ηb(2S) γ] ≈ (7± 2)% , (5.6)
where the uncertainty is in fact dominated by the experimental errors in B[χb1(2P ) →
Υ(1S)ω], and
B[hb(2P )→ hb(1P )ππ] =
Γ[hb(2P )→ hb(1P )ππ]
Γ[χb1(2P )→ χb1(1P )ππ]
Γ[χb1(2P )→ Υ(2S) γ]
Γ[hb(2P )→ ηb(2S) γ]
B[χb1(2P )→ χb1(1P )ππ]
B[χb1(2P )→ Υ(2S) γ]
×
B[hb(2P )→ ηb(2S) γ] ≈ (1.5 ± 0.3)% , (5.7)
With these estimates one can evaluate the balance of the total widths of the discussed
bottomonium states and test whether the remaining fraction of the decays of the hb(2P )
resonance can be made compatible with the expected similarity between the annihilation
decay rates of the P -wave states. In doing so one can notice that for the lower P -wave
levels the annihilation decay and the discussed radiative transitions χb1(1P )→ Υ(1S) γ
and hb(1P )→ ηb(1S) γ exhaust the total probability of decay, modulo extremely minor
decay modes like e.g. χb1(1P ) → χb0 γ, or hb(1P ) → Υ(1S)π0, which can be safely
neglected. For the χb1(2P ) state the discussed hadronic transitions to lower bottomo-
nium with emission of ω or two pions also contribute to the total decay rate. However,
their total contribution is at the level of about two percent and can be readily taken
into account (or neglected altogether). The counting is apparently somewhat different
for the hb(2P ) state. Indeed, as estimated in Eqs. (5.6) and (5.7) the ω and two-pion
transitions can contribute together about 8.5% of the total decay rate, which is not
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negligible compared to the fraction remaining after accounting for the radiative decays.
Furthermore we will argue that a potentially significant additional contribution can arise
from the transition hb(2P )→ Υ(1S) η, further reducing the estimated annihilation rate
for the hb(2P ) resonance.
We thus use here the following numbers for the annihilation branching fraction Bann
in the evaluation of the balance of decay rates of the discussed P -wave states:
Bann[χb1(1P )] = 1− B[χb1(1P )→ Υ(1S) γ] = (66.1 ± 2.2)% ;
Bann[χb1(2P )] = 1− B[χb1(2P )→ Υ(1S) γ]− B[χb1(2P )→ Υ(2S) γ]
−B[χb1(2P )→ Υ(1S)ω]− B[χb1(2P )→ χb1(1P )ππ] = (68.4 ± 2.1)% ;
Bann[hb(1P )] = 1− B[hb(1P )→ ηb(1S) γ] = (50.8 ± 8)% ;
Bann[hb(2P )] + B[hb(2P )→ Υ(1S) η] = 1− B[hb(2P )→ ηb(1S) γ] − B[hb(2P )→ ηb(2S) γ]
−B[hb(2P )→ ηb(1S)ω] − B[hb(2P )→ hb(1P )ππ] ≈ (22 ± 15)% . (5.8)
Using these numbers and the relations (5.3) between the radiative decay rates one can
estimate the “ratio of the ratios” of the absolute decay rates in Eq.(5.1). The value of
r corresponding to the current data can be estimated by rewriting it as
r =
{Bann[hb(2P )] + B[hb(2P )→ Υ(1S) η]} /B[hb(2P )→ ηb(2S) γ]
Bann[hb(1P )]/B[hb(1P )→ ηb(1S) γ] ×
Bann[χb1(1P )]/B[χb1(1P )→ Υ(1S) γ]
Bann[χb1(2P )]/B[χb1(2P )→ Υ(2S) γ] ×
Γ[hb(2P )→ ηb(2S) γ]
Γ[χb1(2P )→ Υ(2S) γ]
Γ[χb1(1P )→ Υ(1S) γ]
Γ[hb(1P )→ ηb(1S) γ] ≈ 0.25 ± 0.25 . (5.9)
The indicated error includes only the uncertainty in the experimental data. As discussed,
the possible corrections to the theoretical input, based on the relations (5.2), (5.4) and
(5.5), are likely smaller than the current experimental errors. If the similarity of the
annihilation decay of the P -wave states holds, the quantity r should be equal to 1 if the
rate of the decay hb(2P )→ Υ(1S) η is negligible, and in general should be greater than
1. Indeed, in the picture of bottomonium annihilation at short distances the similarity
relation Γann[hb(2P )]/Γann[hb(1P )] = Γann[χb1(2P )]/Γann[χb1(1P )] should hold up to
corrections due to nonfactorization of the spin and coordinate degrees of freedom, which
are at least as small as v2/c2 in the nonrelativistic expansion and should not exceed a
few percent in bottomonium (recall vQ ∼ ΛQCD/mQ ∼ 0.1 for b quark). The similarity
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relation is certainly exact in the standard calculation of the annihilation rates, see e.g.,
Ref. [93].
Clearly the estimate of r in Eq.(5.9) shows that the current data on the radiative
decays of hb(1P ) and (especially of) hb(2P ) are on the verge of a dramatic contradiction
with the similarity of annihilation processes of the P -wave states of bottomonium. The
disagreement may become even worse if the contribution of the decay hb(2P )→ Υ(1S) η
to the total width of hb(2P ) is not small.
5.2 The Estimate of Decay hb(2P )→ Υ(1S) η
Within the multipole expansion in QCD the transition hb(2P ) → Υ(1S) η arises as a
combined effect of the chromoelectric dipole (E1) and the chromomagnetic dipole (M1)
interaction described by the following terms in the effective Hamiltonian
HE1 = −1
2
ξa ~r · ~Ea , HM1 = − 1
2mb
ξa (~∆ · ~Ba) , (5.10)
where the notations are the same as before. The assumed here normalization convention
is that the QCD coupling g is absorbed into the definition of the gluon field strength.
The presence of the heavy quark mass in the denominator in HM1 reflects the fact
that the spin-dependent chromomagnetic interaction is suppressed by the HQSS. In the
considered process of emission of the η meson, this suppression however is somewhat
compensated [98, 99] by the enhancement due to the axial anomaly relation [100, 101]:
ǫµνλσ 〈η|GµνGλσ|0〉 = 16π2
√
2
3
fηm
2
η , (5.11)
where fη is the η “decay constant”, equal to the pion decay constant fπ ≈ 130MeV in
the limit of exact flavor SU(3) symmetry, and fη is likely to be larger due to effects of
the SU(3) violation.
The calculation of the transition rate is fully analogous to that for the Υ(3S) →
hb(1P )π
0 decay in Ref. [99] (also in the review [10]), and the resulting expression can
be written as
Γ[hb(2P )→ Υ(1S) η] =
(
π2
27
fηm
2
η
)2
|I(2P → 1S)|2 pπ
3π
, (5.12)
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where pη is the momentum of the η meson and I(2P → 1S) is the heavy quarkonium
matrix element:
I(2P → 1S) = 〈1S|GS r + r GP |2P 〉 (5.13)
containing the partial-wave Green function of the heavy quark pair GS and GP in the
color octet state.
Currently the matrix element (5.13) cannot be evaluated with any reliability, and one
has to resort to indirect arguments. In particular the rate of the discussed transition
can be compared to that of a similar decay Υ(3S) → hb(1P )π0. The latter decay
involves isospin violation, which in terms of the chiral anomaly is expressed through the
difference of the masses of the u and d quarks. The relation between the rates of these
two processes takes the form
Γ[hb(2P )→ Υ(1S) η]
Γ[Υ(3S)→ hb(1P )π0] =
1
3
(
mu +md
mu −md
fηm
2
η
fπm2π
)2
pη
pπ
∣∣∣∣I(2P → 1S)I(3S → 1P )
∣∣∣∣
2
≈
1.3× 103 ×
∣∣∣∣I(2P → 1S)I(3S → 1P )
∣∣∣∣
2
. (5.14)
If the BaBar evidence [95] for the decay Υ(3S)→ hb(1P )π0 is taken at face value, their
signal corresponds to the absolute rate of this transition in the ballpark of 20 eV. Thus
if the matrix elements in Eq.(5.14) for the 2P → 1S and 3S → 1P transitions were
the same, the absolute rate of the decay hb(2P )→ Υ(1S) η would be about 25 keV and
would thus exceed the estimate [93] (∼ 15 keV) for the rate of the radiative transition
hb(2P )→ ηb(2S) γ. One can possibly argue, however, that the spatial size of the initial
and the final bottomonium states in the transition 2P → 1S is smaller than in 3S → 1P ,
so that the amplitude I(2P → 1S) should be somewhat suppressed as compared to
I(3S → 1P ) (although this argument does not take into account the possible effect of
an extra oscillation in the 3S wave function). Allowing a factor of ∼ 1/2− 1/3 for this
suppression one can very approximately estimate the rate Γ[hb(2P ) → Υ(1S) η] to be
about one quarter of Γ[hb(2P ) → ηb(2S) γ] within a factor of two or so, corresponding
to B[hb(2P )→ Υ(1S) η] ∼ O(10%).
It is quite clear that the presented arguments involve a great uncertainty, and for this
reason it would be very interesting if the transition hb(2P )→ Υ(1S) η could be found in
the existing Belle data at the Υ(5S) energy, or an upper limit on the branching fraction
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for this process could be established. The current data result in the estimate in Eq.(5.9)
which is in a really poor agreement with the ‘parton’ picture of annihilation of the P -
wave bottomonium, even if the contribution of this decay is negligible. An observation
of the transition hb(2P ) → Υ(1S) η at a noticeable level would make the situation
with the (non)similarity of the annihilation of the spin-singlet and spin-triplet J = 1
bottomonium states quite dramatic and present an interesting riddle for theoretical
interpretation.
Chapter 6
Decays Ξb→ Λbpi as a Probe to
Diquark Correlations in
Hyperons
The lifetime of heavy baryons has been measured with a high accuracy, more subtle
effect can be studied. The lifetime of weakly decaying heavy hadrons is dominantly
determined by the decay of the heavy quark. However the strange heavy hyperons can
also decay without the destruction of the heavy quark, but rather due to the weak
decay of the strangeness [103, 104], e.g. Ξ0b → Λb π0 and Ξ−b → Λb π−. The rate of these
decays is expected to be in the same ballpark as that of the ordinary strange hyperons,
i.e. of the order of 0.01 ps−1. Furthermore, the heavy baryons are likely to be more
spatially compact systems than the light ones, so that a certain enhancement of the
weak pion transitions for the heavy hyperons would be quite natural. It is expected
that these decays contribute only at a permille level to the lifetimes of the charmed
hyperons, while their contribution to the total decay rate of the strange b baryons can
be essential at a level of one or few percent and their effect on the lifetimes of Ξ0b and
Ξ−b may become visible once the experimental data become sufficiently precise. The
purpose of this chapter is to point out that in addition to a possible relevance to studies
of the Heavy Quark Expansion (HQE), the weak strangeness changing pion transitions
for the b hyperons are interesting on their own and provide a testing ground for the
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properties of JP = 0+ light diquarks which, according to some theoretical suggestions
(e.g. in Ref. [105]), can contain a large QCD scale that would enhance the rate of such
transitions. The detailed discussion can be found in Ref. [102].
In this chapter, the estimate of the decay rate Ξb → Λbπ can be decomposed into two
steps. The first step involves in expressing the decay amplitude in terms of one unknown
matrix element by applying HQE, which is model independent. Then, different models
are used to estimate this matrix element, thus obtain the final decay rate. Therefore,
the direct measurement can fix this matrix element so the possible model assumption
or parameter can be tested or determined.
6.1 The Decay Ξb → Λbpi and Heavy Quark Expansion
The lifetimes of the weakly decaying b baryons, Λb, Ξ
0
b and Ξ
−
b , are traditionally a
subject of a significant interest in connection with the (HQE) for the inclusive decay
rates of heavy hadrons. Recent improvements in the accuracy and reliability of the
experimental data on these lifetimes [106] have to a great extent resolved the tensions
of the early LEP measurements of τ(Λb) with the predictions from HQE. Namely, the
latest data with the highest reported precision by the LHCb experiment [107, 108] result
in the average value [106] τ(Λb) = 1.468±0.009±0.008 ps, and the recent results, albeit
of a lower accuracy, from other experiments [109, 110, 111, 112] are consistent with
this value. These measurements place the ratio of the lifetimes τ(Λb)/τ(B
0
d) well inside
the range 0.95 - 1.0, in agreement with the original HQE prediction [113] as well as
with the more recent theoretical estimates [114]. Now, as the Λb lifetime issue between
the HQE and the experiment is apparently resolved, the theory can be put to further
test against the currently improving data [109, 115, 116] on the lifetimes of the rest of
the weakly decaying b baryons, which may also provide a quantitative insight in the
internal structure of baryons. In this respect of a special interest are the differences
of the inclusive decay rates within the flavor SU(3) (anti)triplet of the b baryons Λb,
Ξ0b and Ξ
−
b as well as their comparison with similar differences in the antitriplet of the
charmed hyperons Λc, Ξ
0
c and Ξ
+
c .
The HQE predicts a very small difference between the inclusive rates of the beauty
decay in the Λb and Ξ
0
b hyperons, similar to the prediction of a less than one percent
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difference between the lifetimes of the B0d and B
0
s mesons, due to the approximate (but
in fact quite accurate) U spin symmetry of the leading term in HQE that depends on
the flavors of the spectator light quarks 1 . The current data [115] do not contradict
this prediction: τ(Ξ0b)/τ(Λb) = 1.006 ± 0.018 ± 0.010. However it is also not excluded,
within the errors, that the Ξ0b decay rate receives a few percent contribution from the
weak transition Ξ0b → Λb π0.
It is also expected [113] from HQE that the lifetime of Ξ−b is noticeably longer
than that of Λb. A quantitative prediction depends on hadronic matrix elements of the
four-quark operators arising in the expansion for the inclusive weak decay rate which
matrix elements were studied purely theoretically [117, 118] and also phenomenologi-
cally [119] from the measured lifetime differences for the charmed baryons. The latter
determination of the relevant baryonic matrix elements results in the estimated differ-
ence between the inclusive beauty decay rate for Λb and Ξ
−
b equal to 0.11 ± 0.03 ps−1.
This value is substantially larger than the two available experimental numbers for the
difference of total decay rates for these b baryons: the reported CDF result [109],
τ(Ξ−b ) = 1.32±0.14±0.02 ps gives the opposite sign for the difference compared to HQE
prediction, while the latest LHCb number τ(Ξ−b ) = 1.55
+0.10
0.09 ± 0.03 ps corresponds to
τ−1(Λb) − τ−1(Ξ−b ) = 0.03 ± 0.04 ps−1, and is formally compatible with the expected
difference of the inclusive decay rates only due to the large experimental errors and the
theoretical uncertainty.
Given that the experimental situation with the lifetimes of the strange b baryons is
still in flux, one can consider several options. One is that an application of the leading
terms in HQE to the charmed hyperons is not quantitatively reliable due to insufficiently
heavy mass of the charmed quark, so that the estimate [119] of the relevant baryonic
matrix elements from the lifetime differences of the charmed hyperons results in an
exaggerated prediction for the difference of the beauty decay rates between Λb and Ξ
−
b .
Although this is not excluded, there are arguments [114] against such reasoning. Another
possibility, based on the history of measurements of τ(Λb), is that future more accurate
experimental data will eventually settle at a longer lifetime for the Ξ−b in agreement
with the HQE estimate in Ref. [119]. It is however also possible that the actual value of
τ(Ξ−b ) is somewhere half way between the current data and the theoretical expectation,
1 A discussion of this property can be found e.g. in Ref. [114].
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and the strangeness changing weak pion transitions are enhanced in comparison with the
ordinary hyperons, so that there is a noticeable addition (at the level of few percent) to
the total decay rate of the Ξb hyperons. It can be noticed that in the decays Ξb → Λb π
the ∆I = 1/2 rule should hold to a high accuracy [104], so that
Γ(Ξ−b → Λb π−) = 2Γ(Ξ0b → Λb π0) , (6.1)
and an additional decay rate for Ξ0b being still compatible with the current data may
translate to a few percent shortening of the lifetime of Ξ−b . Certainly, a direct observation
of the transitions Ξb → Λb π would definitely solve the issue, however it is not clear
whether such observation is feasible in the LHC environment.
In the strangeness changing weak transitions between b baryons the heavy b quark
is a spectator, and the process is determined entirely by dynamics of the light diquark
which has quantum numbers JP = 0+. It can be mentioned, that a mixing with the
b baryons from the flavor SU(3) sextet in which the light diquark is in the JP = 1+
state is suppressed by both the flavor SU(3) symmetry and by the heavy quark spin
symmetry, so that the suppression factor in the mixing amplitude is O(ms/mb), and
considering the diquark in a pure 0+ state makes a very good approximation. In this
limit the discussed decays of strangeness are thus 0+ → 0+ transitions with emission
of a pion, for which only the parity violating S wave amplitude is allowed [104]. This
amplitude can be approximated by its value at vanishing pion momentum, where it is
given by the current algebra reduction formula
〈Λb πi(p = 0) |HW |Ξb〉 =
√
2
fπ
〈Λb |
[
Q5i , HW
] |Ξb〉 , (6.2)
where HW is the weak interaction Hamiltonian, πi is the pion triplet in the Cartesian
notation, and Q5i is the corresponding isotopic triplet of axial charges. The constant
fπ ≈ 130MeV , normalized by the charged pion decay, is used here, which results in
the the coefficient
√
2 in Eq.(6.2). Clearly, the expression in the r.h.s. in Eq.(6.2) is
nonvanishing only for the part of the Hamiltonian corresponding to ∆I = 1/2 which
gives the relation (6.1).
The strangeness changing weak Hamiltonian is well studied. At a normalization
point µ below the charmed quark mass, µ ≪ mc this Hamiltonian has the general
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form [120]
HW =
√
2GF cos θc sin θc
7∑
i=1
Ci(µ)Oi(µ) , (6.3)
where θc is the Cabibbo angle, and the explicit form of the operators Oi can be found
e.g. in Ref. [120]. In the present discussion the main part is being played by the operator
O1 = (uL γµ sL) (dL γµ uL)− (dL γµ sL) (uL γµ uL) . (6.4)
Indeed, this is the only ∆I = 1/2 operator having a large coefficient in the expansion
(6.3): at a low µ one finds [120] C1 ≈ 2.5. Other ∆I = 1/2 operators in the sum
in Eq.(6.3) have small coefficients (less than 0.1) and their matrix elements are not
especially enhanced. For this reason, at the present level of accuracy, it is sufficient to
retain in the expansion for the Hamiltonian only the term with the operator O1.
Using the reduction formula (6.2), one readily finds the expression for the amplitude
of the transition Ξ−b → Λb π− in the form
〈Λb π−(p = 0) |HW |Ξ−b 〉 =
√
2
fπ
GF cos θc sin θcC1X , (6.5)
with X being the hadronic matrix element
X = 〈Λb |(uL γµ sL) (dL γµ dL)− (dL γµ sL) (uL γµ dL)|Ξ−b 〉 . (6.6)
Using the nonrelativistic normalization condition for the states of heavy baryons, one
can write the rate of the pion transition in terms of the amplitude X as
Γ(Ξ−b → Λb π−) = cos2 θ sin2 θ C21
G2F |X|2 pπ
π f2π
≈ 1.3× 10−2 ps−1
(
C1
2.5
)2 ∣∣∣∣ X0.01GeV3
∣∣∣∣
2
,
(6.7)
where pπ ≈ 100MeV is the pion momentum. Correspondingly, the expression for the
branching fraction in terms of X reads as
B(Ξ−b → Λb π−) ≈ 2%
(
C1
2.5
)2 ∣∣∣∣ X0.01GeV3
∣∣∣∣
2
. (6.8)
Up to now, apart from the unknown matrix element X, the estimate Eq.(6.7) or Eq.(6.8)
is very accurate considering the accuracy of current algebra and HQE. The largest
uncertainty comes from X which can not be estimated model independently. We next
consider two different models for evaluating X.
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6.2 Estimate of Matrix Element X
6.2.1 The Diquark Picture
It has been suggested in the literature [121, 105] that the scalar diquarks may have
special properties resulting in an enhancement of short-distance correlations inside them
similar to the matrix element X. One theoretical argument [105] for such behavior is
that in QCD with two colors instead of three, and in the chiral limit the (colorless)
diquark would be a Goldstone boson and exist on equal footing with a pion. Thus their
respective decay constants should be the same. Extending this behavior to the actual
QCD with three colors one can introduce[121] the ‘diquark decay constant’ gD for a
color-antitriplet diquark Di (e.g. made of u and d quarks),
〈0 |ǫijk(ucjγ5dk)|Dl〉 =
√
2
3
gD δil (6.9)
with i, j, k, l being the triplet color indices, and compare it with an equivalent pion
coupling to the pseudoscalar density
〈0 |(uγ5d)|π〉 = gπ, gπ = fπm
2
π
mu +md
≈ 0.2GeV2 . (6.10)
(The factor
√
2/3 in Eq.(6.9) accounts for the different number of colors contributing in
a pion and in a diquark of a fixed color.) If such extension from two colors to the actual
three-color QCD is of relevance, one expects [121] the approximate relation gD ≈ gπ.
Clearly, such diquark picture has intrinsically embedded the color antisymmetry:
〈Λb |(uL γµ sL) (dL γµ dL)|Ξ−b 〉 = −〈Λb |(dL γµ sL) (uL γµ dL)|Ξ−b 〉 . (6.11)
Using then the Fierz identity (uL γµ sL) (dL γµ dL) = 2 (dLiu
c
Rj) (s
cj
Rd
i
L) one finds in the
vacuum insertion dominance approximation
X =
g2D
6mD
, (6.12)
where mD stands for the ‘diquark mass’. Naturally, it is not quite clear what value
should one use for mD. However, the study [121] of the constant gD by the QCD sum
rule method has produced a strong correlation between mD and gD, such that the ratio
92
g2D/mD, entering Eq.(6.12) depends only weakly on the assumed value of mD. Using
Eq.(6.12) and the results presented in Ref. [121], we estimate
X ≈ 0.01GeV3 (6.13)
This estimate understandably suffers from a considerable uncertainty, partly from the
usage of speculative properties of 0+ diquarks, and partly, within this usage, from the
usual uncertainties of the QCD calculation. In particular, the calculation of Ref. [121]
is carried out in the standard way and takes into account the first perturbative terms
in the correlator of diquark densities and the terms with the quark and gluon vacuum
condensates. However it has been pointed out later [105] that such correlator should
also receive a significant contribution from direct instantons, which would enhance the
constant gD, so that the actual value of the matrix element X can be larger than
estimated in Eq.(6.13).
6.2.2 The Bag Model
In order to probe how reasonable the value (6.13) is, one can take an alternative approach
and compare X with similar four-quark matrix elements describing the light quark
density at the heavy quark, rather than the density of light quarks at coinciding point:
x = −〈Λb |(b γµ b)(u γµ s)|Ξ−b 〉, y = −〈Λb |(bi γµ bk)(uk γµ si)|Ξ−b 〉 (6.14)
The matrix elements x and y are related [104] by the heavy quark symmetry and the
flavor SU(3) to the same quantities describing the lifetime differences of the charmed
hyperons [119]. In a simplistic nonrelativistic picture these can be related [113] to the
decay constant fB for the B mesons: y = −x = f2Bmb/12 ≈ 0.016GeV3. However, for
these quantities the color antisymmetry relation y = −x cannot be correct since it is
not preserved by renormalization at µ≪ mb. Namely, the amplitude y depends on the
normalization scale µ in this range, while the amplitude x does not. The amplitude
x can be determined [119] from the lifetime differences between Λc, Ξ
0
c , and Ξ
+
c , and
the updated value is x = −0.042 ± 0.005GeV3, while the updated value of y is small
(y < 0.01GeV3) across the range of µ below mc. Unlike for the heavy-light correla-
tors, the color antisymmetry for the light diquark densities in Eq.(6.11) is preserved by
renormalization. For this reason it is not quite clear how to compare the heavy-light
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and light-light correlations. In lieu of a better procedure, we replace the two terms by
their average, and find for the color antisymmetric combination y−x ≈ 0.03GeV3 both
from the relation in the simplistic quark model and using the values extracted from the
lifetimes of charmed hyperons.
One may expect that the density of light quarks on the heavy quark as in x and y in
a baryon is somewhat larger than the density of two light quarks on top of each other as
in X. Indeed, the heavy quark is a static ‘center of force’ at the ‘center’ of the baryon,
while the light quarks are each spread around inside the baryon. In order to estimate
the numerical reduction factor for collisions between the light quarks as compared to
the collisions of each with the center, we use the simple original bag model [122], and
consider the heavy quark as static, i.e. in the limit of infinite mass. Using the wave
functions for massless light quarks in the bag, we find
X ≈ 0.62 (y − x) ≈ 0.02GeV3 , (6.15)
with the numerical factor arising from the ratio of the integrals over the quark wave
functions:
∫ r1
0
[
j20(r) + j
2
1(r)
]2
r2 dr/
∫ r1
0
[
j20(r) + j
2
1(r)
]
r2d r ≈ 0.62, where j0(r) and
j1(r) are the standard spherical Bessel functions, and r1 ≈ 2.043 is the smallest positive
solution to j0(r1) = j1(r1).
One can see, from the estimates presented here, that there is a considerable uncer-
tainty in the value of the baryonic matrix element X determining the rate of the weak
decays Ξb → Λb π. The range of these estimates X ∼ 0.01 − 0.02GeV3 corresponds
to the branching fraction for such decay (2 - 8)% for Ξ−b and (1 - 4)% for Ξ
0
b . At such
level the contribution of these beauty-conserving decays can produce an effect on the
lifetime differences between weakly decaying b baryons that would be visible on top
of the effects of HQE in the b decay processes. Furthermore, since in these b baryons
the light quark is to a high accuracy a pure 0+ state, a measurement of the rates of
these pion transitions and thus of the value of the matrix element X, may have very
interesting implications for understanding the dynamics of 0+ diquarks. In particular,
it would test the existing in the literature ideas about effects of short distance scales in
such systems.
Chapter 7
Conclusion
The advance of the experiments in last five years has uncovered a large number of exotic
quarkoniumlike resonances that challenge the conventional theoretical interpretation.
The first exotic bottomoniumlike state Z±b (10610) and Z
±
b (10650), unambiguously con-
taining four valence quarks , were found by the Belle Collaboration at 2011. Two years
later at 2013, the BESIII reported a similar charmoniumlike resonance Z±c (3900) and
it was soon confirmed by the Belle. In the same year, two structures Z±c (4025) and
Z±c (4020) were found by the BESIII in different decay channels. The question whether
they are the same state remains open. The BESIII also found another charmoniumlike
state Z±c (3885). The electric neutral partners of those resonances were also found in
2014 and 2015. Besides discovering the new resonances, new decay channels of some
old states such as Y (4260) and Y (4360) were also measured. These new experimental
results have expanded our knowledge about heavy hadron spectroscopy and provided
an ideal laboratory to study the intriguing properties of strong interaction. With these
new experimental input, we have investigated the strong dynamics near threshold re-
gion of heavy mesons, try to resolve the nature of some observed exotic resonances,
and reexamine the updated data on heavy quarkonium and heavy baryon to test our
theoretical understanding.
We have discussed in Chapter 2 the general theoretical ideas and QCD-based meth-
ods of understanding the structure of heavy quarkonium spectroscopy as well as their
hadronic transitions. The heavy quark spin symmetry and QCD multipole expansion
are proven to be powerful theoretical tools to understand various phenomena of heavy
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quarkonium. They give accurate quantitative description on hadronic transitions be-
tween heavy quarkonium states, especially for low radial excitation states. However,
for heavy quarkonium near the thresholds of the heavy mesons, the enhanced HQSS
breaking is expected.
In Chapter 3, peculiar effects of strong dynamics near threshold region are discussed.
Section 3.1 introduces the heavy quark spin decomposition which allows one to separate
the heavy quark spin from the rest degree of freedom. This formulism has been success-
fully applied to analyze the consequences of the HQSS in different settings. The heavy
quark spin structure of the heavy meson pairs in JPC = 1−− channel is worked out in
details and used to explain the enhanced HQSS due to quarkoniumlike state mixing with
the heavy meson. It is well known that the effects of the interaction of heavy hadrons
through the light degrees of freedom is enhanced. We point out in Section 3.2 the effect
of enhanced mixing of partial waves of heavy meson pairs is actually calculable near
the threshold region. The P -F partial wave mixing although parametrically enhanced
is still small and can be safely neglected, but the mixing of spin S = 0 and S = 2
partial waves is significant. The absorptive part of mixing amplitude changes between
zero at the threshold to 0.75 at 20 MeV above the threshold. One consequence of this
mixing is to break the spin composition of the heavy meson pairs predicted by HQSS,
which provides an illustration how HQSS is broken due to rescattering of heavy meson
pairs near the threshold. Section 3.3 studies another subtle effect near the threshold,
namely isospin violation. The observable charge-to-neutral ratio Rc/n is calculated in all
orders of isospin breaking parameters. The interplay between Coulomb interaction and
strong interaction is strongest near the threshold region which is sensitive to the strong
interaction parameters. The calculated expression can be used to extract important
information about strong dynamics of scattering between two heavy mesons.
Some of the exotic heavy quarkonium-like resonances are considered in Chpater 4.
The properties of Z±b (10610) and Z
±
b (10650) can be well understood in the framework
of hadronic molecular states. We have analyzed the heavy quark spin structure and
their decay patterns to bottomonium plus pion. The prediction from the molecular
assumption agrees the experiment very well. Thus, we conclude that Z±b (10610) and
Z±b (10650) are S-wave B
∗B¯ − B¯∗B and B∗B¯∗ molecules respectively. Section 4.2 ad-
dresses the old puzzle of Y (4260) and Y (4360). With new experimental input that they
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both decay, with comparable rates, to spin-singlet and spin-triplet cc¯ pairs, we propose
they are actually mixed hadrocharmonium. The model predicts a distinctive feature
that is compatible with the current data. We also point out the alternative molecu-
lar interpretation of Y (4260) is disfavored by HQSS. We believe our hadrocharmonium
model is more credible. X(3915) although assigned as χc0(2P ) should be considered as
an exotic state. We carefully analyze its decay properties and argue that the relative
large decay rate to J/ψ and small rate to DD¯ are strongly at variance with the conven-
tional charmonium, hence its identity needs to be studied more carefully. We suggest
that the X(3915) is in fact the bound state of DsD¯s with binding energy about 18 MeV.
This interpretation could well explain the current experimental data of X(3915). The
decay rates in other decay channel are also estimated whose value can be well accom-
modated with its total decay rate 20 MeV. In section 4.4, we provide a conventional
interpretation of a possible charmonium-like resonance observed in the final state χcJω
in the e+e− annihilation at center of mass energy from 4.21 to 4.42 GeV. The observed
the peak is the consequence of a nearby well-known charmonium ψ(4160). The mag-
nitude of the coupling constant that needs to produce the observed peak is within the
expectation from other similar charmonium transitions.
The new and improved measurement on some old heavy hadron states provides an
opportunity to carefully test our understanding of QCD dynamics. The parton picture
of bottomonium is examined in Chapter 5 while a possible enhanced diquark correlation
is suggested in Chapter 6.
The possible violation of parton picture of bottomonium annihilation is illustrated by
using the decay data of hb(1, 2P ) and χb1(1, 2P ). We consider hadronic transitions from
the hb(2P ) bottomonium resonance to lower states of bottomonium with emission of
either ω meson, or two pions, or η meson. With the help of heavy quark spin symmetry
and QCD multipole expansion, we are able to estimate the fraction of the hb(2P ) total
decay rate remaining for the annihilation rate, which is on a verge of contradiction
with the expectation from the parton picture. The transition hb(2P ) → Υ(1S) η is
also estimated and including this transition will deviate further away from the parton
picture.
The decays Ξb → Λbπ are strangeness changing weak transitions involving only the
light diquark in the baryon. Thus these decays can test the properties of such diquarks,
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namely enhanced correlations in JP = 0+ light diquarks. We revisit the estimates of the
rates of these decays and point out that with the enhanced correlation their branching
fraction can reach a few percent and may become visible in the precision measurements
of differences of the lifetimes of b baryons.
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